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LIST OF SYMBOLS 


r, #—radius, m 
d, D—diameter, m 
L—length, m . 
$—thickness, m 
h, H—height, m 
u—perimeter, m 
F—surface (area), m* 
f—cross-sectional area, m* 
t—time, h, s 
t—temperature, °C 
7 —temperature, K 
At—temperature difference, °C 
§¢—fluid temperature differ- 
ence in the direction of 
flow 
p—pressure, Pa: 
Ap—pressure drop, Pa 
G—rate of fluid flow, kg/s 
w—velocity, m/s 
Q—heat flux, W 
q—rate of heat flow, W/m’? 
q,—heat-transfer rate of re- 
lease from a length of 4 m, 
W/m 
qg,-—heat-transfer rate 
from a volume of 
4 m*®, W/m? 


a—heat-transfer coef- 
ficient, W/m?.°C 
k—overall heat-trans- 
fer coefficient, 
W/m?-°C 
C —radiation 
W/m?- K* 
&€—emissivity 


factor, 


E—emissive power, 
W/m? 

A—thermal ‘conduc- ° 
tivity, W/m-°C 

c—heat capacity, 
I/kg-°C 


r—heat of vapouriza- 
tion, J/kg 

i—enthalpy, J/kg 

p—density, kg/m*® 


a—thermal _ diffusivi- 
ty, m?/s | 

p—dynamic viscosity, 

— Pass 

v—kinematic viscosi- 
ty, m/s 

B—volumetric expan- 


sion coefficient, K-* 
g—acceleration of 
gravity, m/s? 


PREFACE 


The third edition of the book of problems in heat transfer 
includes new problems and typical calculations associated 
with heat transfer in nuclear power plants. 

Answers are given to all problems. As a rule, the first 
problem of a group is solved in the book in detail. 

Typical problems are solved with the aid of the relation- 
ships found in the book: V. V. Isachenko, V. A. Osipova, 
A. S. Sukomel, “Heat Transfer’, Mir Publishers, Moscow, 
1977. 

The Appendices contain reference material, sufficient for 
solving all problems given. 


Chapter One 


STEADY-STATE CONDUCTION 


1-1. Calculate the rate of heat flow through a plane homo- 
geneous wall the thickness of which is considerably smaller 
than its width and height, assuming the wall to be made 
from: (a) steel (A = 40 W/m-°C); (b) concrete (A = 
= 14.1 W/m-°C); (c) diatomite brick (4 = 0.11 W/m-°C). 

In all the three cases wall thickness 6 = 50 mm. The 
temperatures of the wall surfaces are maintained constant: 

to, = 100°C and. t,,,. = 90°C. 

Answer | 

For a steel wall g = 8000 W/m!; 

for a concrete wall q = 220 W/m; 


for a wall laid from didtomite brick gq = 22 W/m’. 


1-2. The rate of heat flow through a plane wall of thick- 
ness 6 = 50 mm, g = 70 W/m, 

Determine the difference between the temperatures of wall 
surfaces and the numerical values of the temperature gra- 
dient through the wall, if it is made from: (a) brass (A = 
= 70 W/m-°C); (b) red brick (A = 0.7 W/m-°C); (c) cork 
(A = 0.07 W/m.-°C). 

Answer 

For a brass wall At = 0.05°C and | grad t | = 1°C/m; 

for a brick wall At = 5°C and | grad t | = 1400°C/m: 

for a cork wall At = 50°C and | grad ¢ | = 1000°C/m. 


1-3. Determine the loss of heat Q, W, through a wall laid 
from red brick of length | = 5 m, height h = 4 m and thick- 
ness §6 = 0.250 m, if the temperatures of wall surfaces are 
maintained equal to ¢,, = 110°C and ¢,,, = 40°C. The 
thermal conductivity of red brick 4 = 0.70 W/m-°C. 
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Answer 


The loss of heat Q = 3920 W. 


1-4. Determine the thermal conductivity of the material 
of a wall 40 mm thick, if at a temperature difference between 
surface temperatures At = 20°C the rate of heat flow.g = 
= 145 W/m’. 

Answer 

The thermal] conductivity 4 = 0.29 W/m:°C. 


1-5. It is necessary to insulate a flat surface so that the 
loss of heat from unit area of this surface per unit time will 
not exceed 450 W/m?. The temperature of the surface under- 
neath the layer of insulation ¢,,, = 450°C, and the temper- 
ature of the external surface of the insulating layer t,. = 
= 90°C. 

Determine the thickness of insulation for two cases: 

(a) the insulation is made from sovelite, for which 


= 0.09 + 0.00008741, W/m-°C: 


(b) the insulation is made from asbestos cemént, for 
which 


4 = 0.109 + 0.000146t, W/m.-°C. 


Answer 
(a) 6 = 100 mm; 
(b) 6 = 130 mm. 


1-6. A plane wall is laid from fireclay (chamotte) brick, 
and wall thickness 6 = 250 mm. The temperatures of wall 
surfaces t,,, = 1350°C and ¢,,, = 50°C. The thermal con- 
ductivity of fireclay brick is a function of temperature, 
Xj = 0.838 (4 + 0.0007t) W/m-°C. 

Calculate and represent graphically the distribution of 
temperature through the wall. 

Answer 


c,mm... 0 50 100 125 150 200 225 250 
1 °C... . «61250 «1145 «920 800s «670 390 230—Ss« 50 
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Temperature distribution in the wall is shown in Fig. 1-1. 


G 50 100 150 200mm 
Fig. 1-1. Solution to problem 1-6 


Solution 


With linear dependence of thermal conductivity on tem- 
perature the rate of heat flow 


g= am. (to4 — twa), W/m’, 
where 


dm = dy (1+ Bx “WT 2),  Wrm.-°C. 
In the case considered 
dm = 0.838 ( 1 +0.0007 "> ) = 1.25 Wi/m-°C 
and 


= <5 (1350— 50) = 6500 W/m?. 


- At any distance z from the surface of the wall the tem- 
perature is determined from the following formula 


gt _ A on” 
te V (Fett) Ze Bette) Ron By’ - 
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Substituting the known value of A, and the calculated 


value of the rate of heat flow q into above equation, we 
find that 


=-V (som saan + 1350)" TEST MOP 


t. =(V7.74 — 22.22 —1.43) « 108, °C. 


Substituting in the equation obtained the values of z 
expressed in metres, we find the corresponding values of 
the wall temperature. 


1-7. The surface eo of a 200 mm thick fireclay 
wall (6 = 200 mm) are: ¢,,, = 1000°C and ¢t,,, = 200°C. 
The thermal conductivity of 
fireclay (chamotte) varies de- 
pending on temperature, obey- 
ing the following equation 


7 = 0.843 + 0.0005822, 
W/m-°C. 


Show that in the event of 
_ linear dependence of thermal 
Lit {fs conductivity on a deo 
the rate of heat flow g, W/m‘*, 
a 69 0 0 mm can be calculated i the for- 
_ Fig. 1-2. Solution to problem mula for the constant thermal 
1-7 conductivity, taken at a mean 

wall temperature. 

Find the error admitted in determining the temperature 
at points z= 57.5 mm; 110 mm; 157.5 mm, if the calcula- 
tion is based on the mean thermal conductivity for the given 
temperature interval, and plot the graph representing tem- 
perature distribution in the vall. 

Answer 


a 


ft tEERN 


q = 4650 W/m'. 


The temperature distribution through the wall is shown 
in Fig. 1-2. 
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x, mm | 0 | 57.9 110 | 187.7] 200 


te, °C A = Am = const 1000 P70 | 560 370 | 200 | 


= 0.813 4-5.82 x 10-42 | 1000 


200 


1-8. The flat wall of a tank, of an area F=5 mi’, is cov- 
ered with two layers of a heat-insulating material. The 
steel wal] of the tank is 8 mm thick and its thermal conduc- 
tivity 4, = 46.5 W/m-°C. The first layer of the insulation 
is made from an insulating mhterial novoasbosurite of thick- 
ness 6, = 50 mm and the thermal conductivity of this insu- 
lating material is determined, from the equation 


Ae = 0.144 + 0.00014t, W/m-C. 


The second layer of insulation of thickness 6, = 10 mm 
is lime plaster whose thermal conductivity A, = 0.698 
Wi/m-°C. 

The temperature of the inside surface of the tank wall 
tw», = 250°C and the temperature of the outside surface of 
insulation t,,, = 50°C. 

Calculate the amount of heat transferred through the wall, 
the boundary temperatures for the layers of insulation, 
and plot the graph of temperature distribution. | 

Answer 

The heat flux through the wall @ = 3170 W; the boundary 


temperatures for the layers of insulation are t,,. = 249.9°C 
and ting == 59°C. 


1-9. The brickwork of a fyrnace is built up of layers laid 
of fireclay and red brick and the space between the two lay- 
ers of brickwork is filled with crushed diatomite brick 
(Fig. 1-3). The fireclay layer is 120 mm thick (5,); the thick- 
ness of the diatomite filling 5, = 50 mm, and the thickness 
of the red brick layer 5; = 250 mm. The thermal conductiv- 
ity of the three materials are equal respectively: 


A, = 0.93; A, =0.13 and A, = 0.7 W/m-°C. 


What should be the thickness of the red brick layer 5g, 
if the brickwork is to be laid without the diatomite filling 


: 
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between the two layers, so that the heat flux through the 
brickwork remains constant? 


Dectomste earth filling 


Red tty 
Yj 


Fig. 1-3. Solution to problem 4-9 


Answer . 
The layer of red brick must be 500 mm thick. 


1-10. The wall of a steam boiler furnace which is not 
fitted with waterwalls is made of a layer of foamed fireclay 


a ¢ 


Xn 
AN DOO’ min 


Fig. 1-4. Solution to problem 1-10 


Ch. One. SteadytSidbe’ Cd rikac Hore £5 
of thickness 6, = 125 mm and a layer of red. brick 500 fmm 
thick (5,). The two layers fit eadh other tie¥tfhoThe tall 
temperature inside the boiler furhace t,,, = 1100°C andj the 
wall outside temperature ¢,,44= STU TPipet=-“Eke-theimal 
conductivity of foamed firedlay PRi="Di2%4F 0. PB02dy and 
that of red brick, A, = 0.7 JV/m. 

Calculate the amount of neat-rosefronr-bem-eé.tie. fur-. 
nace wall by conduction and the temperature at the layer 
interface. 

Answer 

The loss of heat or the rate of heat flow through the wall 
q = 1090 W/m*. The temperature at the layer interface 
tye = 828°C. 


1-11. The thickness of the layer of red brick in the wall 
of the boiler furnace setting considered in problem 1-10 is 


Fig. 1-5. Solution to problem 1-411 


to be reduced 2 times and the space between the two layers 
of the setting is to be filled with crushed diatomite (Fig. 1-5), 
whose thermal conductivity 


“x = 0.443 + 0.00023¢, W/m-°C. 
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What should be the thickness of the diatomite filling to 
ensure the same loss of heat with the inside and outside 
wall temperatures remaining as before, in problem 4-10? 

Answer 

The diatomite filling must be 94 mm thick. 

Solution 

Since the heat loss q = 1090 W/m? must remain unchanged, 
the temperature at the interface between the two layers 


of the diatomite filling and red brick is found from the 
equation 


bos = tot +9 Ge = 50+ 1090 7? = 439 °C. 


The mean thermal conductivity of the diatomite filling 
is determined from the.equation 


dm =a -+ dive Fis — 0.113 4.0.00023 (ES) — 
=: 0.259 W/m-°C | 
Then, the thickness of the diatomite filling will be: 


§ — “tt a, — 88 — $399 959 0.0936 m; 694 mm. . 
q 1090 

1-12. The walls of a drying chamber are built up of a 
layer of red brick .of thickness 6, = 250 mm and a layer of 
felt. The outside surface temperature of the red brick layer 
tip, = 110°C and the outside surface temperature of the 
felt layer ty3 = 25°C. | 

The thermal conductivities of red brick }, = 0.7 W/m-°C 
and of felt A, = 0.0465 W/m-°C. 

Calculate the temperature at the interface between the 
two layers, and the thickness of the felt layer on condition 
that the heat loss from 1 m? of the chamber wall does not 
exceed g = 110 W/m’. 

Answer | 

The temperature at the interface between the two layers 
tog = 70.7°C. The thickness of the layer of felt 5, ~ 19 mm. 


1-13. In the instrument used to determine the thermal 
-eonductivity of various materials the specimen of the tested 
material is placed between the hot and cold surfaces 
(Fig. 1-6). 
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The¥specimen is a disk having a diameter d = 120 mm 
ind thickness 6 = 20 mm. 

The temperature of the hot surface of the instrument ¢,,,; = 
= 180°C and the temperature of the cold surface t,, = 
= 30°C. After steady-state conduction sets in the heat flux 


by tug C 
twig yz 
Nt 

Y, 4160 


O, =) 
S 

S 7 
xr 


‘A 


Fig. 1-6. Solution to problem 1-43 


through the specimen Q = 50.6 W. Due to the presence of 
protective heaters there is no heat flow in the radial 
direction. j 

Due to poor matching, air clearances of thickness 6, = 
= 0.4 mm formed in the instrument between the cold and 
hot surfaces and the tested specimen. Calculate the relative 
error admitted in determining the thermal conductivity 
of the tested material, A,, if the formed clearances are not 
accounted for when treated the test results. Reduce the 
thermal conductivity of the air in the clearances to the 
temperatures of corresponding surfaces, t,,, and tips. 

Answer ’ 


The relative error admitted in determining A is A, 7% 24 
per cent. 


1-14. Calculate the loss of heat by steady conduction 
through unit area of the brick setting of a steam boiler in 
the vicinity of the water economizer, and the wall temper- 
atures, if the thickness of the brick setting 6 = 250 mm, 
flue gas temperature t,, == 700°C and the temperature of air 
bs the boiler room t;, = 30°C. The local coefficient of heat 
‘transfer from the flue gas to the surface of the setting a, = 
= 23 W/m?-°C and the local coefficient of heat transfer from 
the setting to the air a, = 12 W/m*-°C. The thermal con- 
ductivity of the boiler setting 7 = 0.7 W/m-°C, 


2—0215 
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Answer 

The loss of heat (rate of heat flow) g = 1385 W/m?. The 
surface temperatures of the setting, inside and outside, 
to, = 640°C and ¢,,, = 145.5°C. 


1-15. Calculate the rate of heat flow through 1 m* of the 
clean heating surface of a steam boiler and surface temper- 
atures, if the following values are given: the flue gas tem- 
perature t;, = 1000°C; the boiling water temperature t,. = 
= 200°C; the local coefficients of heat transfer from the 


Fig. 1-7. Sélution to problem 1-15 


flue gas to the wall (heating surface) a, = 100 W/m?.-°C, 
and from the wall to the boiling water a, = 5000 W/m?*.°C. 

The thermal conductivity of the material from which the 
boiler heating surface is made ’ = 50 W/m-°C and the wall 
thickness 6 = 12 mm. 


Answer 
gq = 76 500 W/n!. 


Heating surface temperatures are: t,., = 235°C and ty, = 
— 245°C (Fig. 4-7). 


1-16. Solve problem 1-15 on condition that in the course 
of service the heating surface of the steam boiler, exposed to 
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the flue gas, becomes covered with a layer of soot of thick- 
ness 6, = 1 mm (A, = 0.08 W/m-°C), and the surface on 
the water side is covered with a layer of scale of thickness 
§,. = 2 mm (i,. = 0.8 W/m-°C). 


: 
\ 
N 


POO Li khh 


Ty gar 


N 

N 
w 
\ 


: 
‘ 
Fig. 1-8. Solution to problem 1-16 


Calculate the rate of heat flow through 1 m? of the con- 
taminated boiler heating surface and the surface temper- 
atures of corresponding layers ¢,,, ts, tog and tig 
(Fig. 1-8). Compare calculation results with the answer to 
' problem 4-15 and determine the reduction in the rate of 

heat flow through unit area of the heating surface. 

Answer 

The rate of heat flow g = 31 500 W/m". The surface tem- 
peratures are as follows: ¢,,, = 685°C, t,, = 291°C, t,.3 = 
= 283°C, bok = 206°C. 

The reduction in the rate of heat flow due to contamina- 
tion of the boiler heating surface Ag = 58.9 per cent. 


1-17. Determine the rate of heat flow through 1 m? of 
a brick wall of thickness 5 = 510 mm with a thermal con- 
ductivity 4 = 0.8 W/m-°C. Air temperature inside the room 
ty, = 18°C; the local coefficient of heat transfer from the air 
to the inside surface of the wall a, == 7.5 W/m*-°C; outside 
air temperature t,, = —J0°C; the local coefficient of heat 


” 
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transfer from the outside surface of the wall, exposed to the 
wind, to the surrounding air a, = 20 W/m?-°C. Calculate 
also wall-surface temperatures ¢,,, and t,y. 

Answer 

The rate of heat flow through the wall g = 58.6 W/m?. 
The wall surface temperatures ¢,,, = 10.2°C and t,. = 
= —27.1°C. 


1-18. Solve problem 1-17, assuming the wall to be cover- 
ed on the outside with a layer of heat insulation 50 mm 
thick dnd with a thermal conductivity A,,, = 0.08 W/m-°C. 
Compare the losses of heat through the non-insulated and in- 
sulated walls. 

Answer 

The amount of heat lost from 4 m? of the insulated wall 
q = 33.2 W/m. The wall surface temperatures are: ¢,,, = 
= 13.6°C.and t,,5 = —28.3°C. The loss of heat from a non- 
insulated wall is 76.5 per cent greater than from a heat- 
insulated wall. 


1-19. Calculate the rate of heat flow g, W/m’, in a plate- 
type air heater and the surface temperatures of plates, if 
given are the mean temperature of the flue gas ¢,, = 315°C 
and the mean air temperature t;, = 135°C, and also respec- 
tively the local coefficients of heat transfer a, = 23 W/m’: 
-°C and a, = 30 W/m?-°C. The plates of the air heater are 
2 mm thick. The thermal conductivity of the material from 
which the plates are made A = 50 W/m-°C. ¢ 

Answer | 


q = 2200 W/m?; 1t,, = 208.5°C; ty, = 208.4°C; 
tiny & twos 208°C. 


1-20. The brickwork of a furnace is built up of a layer 
of fireclay brick with a thermal conductivity A = 
= 0.84 (1 + 0.695 x.10-* t) W/m-°C; the brickwork is 
250 mm thick. 

Determine the loss of heat from one square metre of brick- 
work surface, g W/m’, and the wall surface temperatures, if 
the temperature of the gas in the furnace ¢,, = 1200°C and the 
room temperature t;, = 30°C, and the local coefficient of 
heat transfer from the hot gas to the. brickwork a, = 
= 30 W/m?-°C, and the local coefficient of heat transfer 
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from the brickwork to surroundings a, = 10 W/mi-°C. 
Answer 


= 3530 W/m’. 


Solution 
' With the dependence of the thermal conductivity of fire- 
clay brick on temperature given, the loss of heat can be cal- 
culated from the following formula 


io & (tot twe) 3 
+= { do + oP, | “Ai ~—+ (—-=-)|} x 


Qo OL 
1 4 
x | ty —tys —-q (—+<)| 


or with the aid of the method of successive approximations 
‘(also known as the step-by-step or iteration method). The 
solution with the aid of the method of successive approxima-. 
tions is given below. 

Let us assume a mean wall temperature t,, = 650°C. At 
this temperature the thermal conductivity of fireclay (cha- 
motte). brick A,, = 0.84 (1 + 0.695 x 10-° x 650) = 
= 1.12 W/m-°C. Determine now the overall] heat transfer 
coefficient 


k= 7 ey = 2 W/m?-°C 


0.25 
iz oe st ED 49 i 


and the rate of heat flow 


Making usb of the determined rate of heat flow, calculate 
‘the surface temperatures for the brickwork: 


ae 


Lang “tee = 4200. = 1091 iw 8). 


tue = ta — 9 = 904300 — 359 °C, 
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Determine the mean temperature of the brickwork and 
specify the magnitude of the thermal conductivity: 


t,, = 0.5 (1091 + 359) = 725°C; 


hn = 0.84(4 +.0.695 x 10-* x 725) = 1.265 W/m-°C 
i _° 
pti sa +70 


The rate of heat flow will then be 
q = 3.02 (1200 — 30) = 3530 W/m’. 


Using this new value of the rate of heat flow, calculate the 
wall surface temperatures #,,, and t,,¢: 


, = 1200 — 3530 = — 4082 °C: 
tine = 30-+- 3530-1 ay = 383°C. 


Determine the mean surface temperature and thermal con- 
ductivity: 


t,, = 0.5 (4082 + 383) = 732°C; 
Am = 0.84 (1 + 0.695 x 10-$.x 732) = 4.267 W/m-°C. 


Inasmuch as the obtained mean thermal value of conductiv- 
ity coincides practically with the previously assumed value, 
no further calculations are necessary and. it may be 


assumed that 
gq = 3530 W/m’. 


1-21. In the slag-tap bottom furnace of a steam boiler the 
gas temperature must be maintained equal to ¢,, = 1300°C 
and the temperature of air in the boiler room t;, = 30°C. 
The furnace walls are made of a layer of a refractory material 
of-thickness 6, = 250 mm with a thermal conductivity A, = 
= 0.28 (4 + 0.833 x 40-* 2) W/m-°C and a layer of diato- 
mite brick with a thermal conductivity A, = 0.113 (4 + 
+ 0.206 x 10-37) W/m-°C. 

The coefficient of heat transfer from the gases, or prod- 
ucts of combustion, to the setting ¢, = 30 W/m?-°C and 


Ch. One. Steady-State Conduction 23 


the coefficient of heat transfer by radiation from the out. 
side surface of the furnace setting to surroundings a, = 
= 10 W/m?.-°C. 

What should be the thickness of.the diatomite layer of 
the setting so that the losses of heat to surroundings by 
radiation should not exceed 750 W/m*? 

Answer 
i a layer of the setting must be 132 mm thick 
( — 


1-22. The loops of a steam superheater are made from 
tubes fabricated from heat-resistant steel; the diameter of 
the tubes d,/d, = 32/42 mm and the thermal conductivity of 
the steel 71 = 14 W/m-°C. The temperature of the outside 
—, = by tube ts = 580°C and of the inside surface 

ot = 

Calculate the rate of heat flow through the wall of the 
tube per unit length, gq; W/m. 

Answer 


1-23. A steam pipeline, 150/160 mm in diameter, is cover- 
ed with a layer of heat-insulating material of thickness 


C1 


Fig. {-8, Solution to problem 1-23 
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Sing = 100 mm; the thermal conductivity of the tube 4, 

= 50 W/m-°C, and that of the insulating material A 

= 0.08 W/m-°C. The temperature of the pipeline inside 
surface t,,, = 400°C and the temperature of the outside sur- 
face of the insulating layer ¢,,, = 50°C (Fig. 41-9). 

Find the loss of heat from length of 1 m of the pipeline 
and the temperature at the interface between the tube and 
insulation. 

Answer 


The loss of heat from length of 1 m of the steam pipe- 
line gq; = 216 W/m. The temperature at the interface 
———. the wall of the pipeline and the insulation 
ting A 400°C. 


1-24. A steel pipeline of a diameter hI = 100/110 mm 
with a thermal conductivity 4, = 50 W/m-°C is covered 
with two layers of insulation of equal thickness 6, = 6, = 
= 50 mm. The temperature of the tube inside surface. tw = 
= 250°C and the temperature of the outside surface of insu- 
lation t,4 = 50°C (Fig. 1-10). 

Determine the loss of heat through the insulation from 
length of 4 m of the pipeline and the temperature at the 
interface between the two layers of insulation, if the first 
layer of insulation applied on the surface of the tube is made 
from a material with a thermal conductivity A, = 
= 0.06 W/m-°C and the second layer—from an insulating 
material with a thermal conductivity (1, = 0.12 W/m.-°C. 

Answer | 

The loss of heat from length of 1 m of the pipeline g,; = 
= 89.5 W/m. The temperature at the interface between the 
two layers of insulation t,,, = 97°C. 


1-25. How will change the loss of heat from length of 
{ m of the pipeline considered in problem 1-24, if the two 
layers of insulation are changed places, i.e. if the layer with 
a greater thermal conductivity is placed directly on the tube, 
with all other conditions of the problem remaining un- 
changed. 

Answer 

The loss of heat shall increase and amount to g, = 
= 105.5 W/m. The temperature at the interface between the 
two layers of insulation ¢,,3 = 159°C (Fig. 1-10). 
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4-26. A steam pipeline d,/d, = 160/170 mm in diameter 
is covered with a layer of insulation of thickness 6 = 100 mm 
with a thermal conductivity depending on temperature in 
the following way: ‘A;,, = 0.062 (4 + 0.363 x 10-*2) 
W/m.-°C. 

Determine the amount of heat loss from length of 1 m 
of pipeline and the temperature of its inner surface, if the 
temperature of the outer pipeline surface t,,, = 300°C and 


the temperature of the outer surface of the insulation should 
not exceed 50°C. 


Answer 
The'loss of heat from length of 4 m of the steam pipeline 
q, = 205 W/m. The inner pipeline surface temperature 


Oo 


1-27. A reinforced-concrete smoke stack (Fig. 1-11) with 
an inner diameter d, = 800 mm and an outer diameter 
FS , d, = 1300 mm must be lined 

‘aa with a refractory on the inside. 
Determine the thickness of 
the refractory lining and the 
temperature of the outer surface 
of the smoke stack, ¢t,,5, under 
conditions that the loss of heat 
from length of 1 m of the smoke 
stack must not exceed 2000 W/m 
and the temperature of the inner 
surface of thefreinforced-concrete 
smoke stack, f,,,, should not ex- 
ceed 200°C. The temperature of 


x 


WMA 
RM QQ 


| the inner surface of the lining 
a Qs | refractory t,,, = 425°C; the ther- 
d; } mal conductivity of the lining 


4, = 0.5 W/m-°C; the thermal 
-11. Solution to pro- conductivity of concrete 4, = 
blem 1-27 = 41.4 W/m-°C. 
| Answer 

5 = 120 mm. The temperature of the tube outer surface 

ba = a OF | 
1-28. Under the conditions assumed in problem (1-27) 
determine the thickness of the refractory lining 8, if it 


= 
tues 
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is made from fireclay brick. Carrying out calculations, take 
into account that thermal conductivity 4 depends on temper- 
ature by a | 


= 0.84 + 0.0008, W/m-°C. 


Answer : 
. The refractory lining must be 206 mm thick. 


1-29. In the instrument used to determine the thermal 
conductivity of materials by the “heated filament” method 
(Fig. 1-12) the annular clear- 
ance between the platinum 
filament and quartz tube is 
filled with the transformer 
oil being tested. The dia- 
meter of the platinum fila- 
ment d,= 0.12 mm and its 
length = 90 mm; the inner 
and outer diameters of the 
quartz tube are d, = 1 mm 
and d,= 3 mm; the thermal 
conductivity of quartz A = 
=1.4 W/m-C. 

Calculate the thermal 
conductivity A, and the 
mean temperature t, of the 
transformer oil, if, with a 
rate of heat flow through the 
circular layer of oil @=1.8 
getceee’ Maer rsh Fig. 1-12. Solution to problem 1-29 
, e: 106.9°C and the tempera- | | 
ture of the outer surface of the quartz tube ¢t,,, = 30.6°C. 

Answer 

The thermal conductivity of transformer oil A, = 
23 0.0815 W/m-°C at oil temperature zt, = 70°C. 


« 1-30. Calculate the admissible current intensity for a_ 
‘copper wire 2 mm in diameter covered with rubber insula- 
tion of thickness 6 = 1 mm, on condition that the maximum 
temperature of the insulation should not exceed 60°C and 
the temper&fture of the outer insulation surface—40°C. The 
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thermal conductivity of rubber A = 0.15 W/m-°C. The elec- 
tric resistance of the copper wire R = 0.005 Ohm/m. 
Answer 
The admissible current intensity J = 79.8 A. 


1-31. Determine the heating surface of a convection steam 
* superheater built-up from heat-resistant steel tubes d,/d, = 
= 32/40 mm in diameter. The thermal conductivity of steel 
"A = 39.5 W/m-°C. The .throughput of the superheater Q = 
= 61.1 kg/s (of steam). At the superheater inlet the pressure 
of the dry saturated steam is 9.8 MPa.. At the superheater 
outlet the temperature of the superheated steam t, = 500°C. 
The local coefficient of heat transfer from the flue gas to 
the wall a, = 841.5 W/m?-°C and from the wall to the steam 
Q@, = 1163 W/m?*-°C; the mean flue gas temperature ¢t; = 
= 900°C. The hydraulic resistance of the superheater is 
ignored. 
Answer 
The heating surface of the superheater, related to an out- 
side tube diameter, F = 1090 mi’. 


1-32. Solve problem (1-31) ignoring the curvature of the 
wall (assuming a plane wall). Compare the heating surface 
obtained with the answer to problem 1-31. 

Answer 

The heating surface F = 1055 m’?. 


1-33. Find the heating surface of a sectional water-to- 
water heater of capacity Q = 1500 kW, on condition that 
the mean temperature of the heating water ¢;, = 115°C and 
the mean.temperature of the water being heated ¢;, 
= 77°C. The heating surface is built up of brass tubes d,/d, 
= 414/16 mm in diameter with a thermal conductivity 4,, 
= 120 W/m.-°C. The inner surface of the brass tubes is cov- 
ered with a layer of scale of thickness 6,. = 0.2 mm with 
a thermal conductivity A, = 2 W/m-°C. The local coef- 
ficient of heat transfer on the side of the heating water is 
a, = 10 000 W/m?-°C and on the side of the heated water— 
@_ = 4000 W/m?.-°C. Since the ratio of diameters d,/d, << 
<< 1.8, use the calculation formula derived for a plane eal 

Answer 

The heating surface F = 18.1 m’. 


Il 
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1-34. Calculate the loss of heat rom length of 1 m of a 
non-insulated, bare, pipeline, d,/d, = 150/165 mm in dia- 
meter, laid in the open air if the sipaline carries water at a 
mean temperature t,, = 90°C, and the ambient air tempera- 
ture t;, = —15°C. The thermal 
conductivity of the tube mate- 
rial A = 50 W/m-°C. The local 
coefficient of heat transfer from 
the water to the wall of the tube 
-&,= 1000 W/m?-°C and that from 
the tube to the surrounding air 
Qa =12 W/m?.-°C. 

Also determine the tempera- 
tures of the tube inner and outer 
surfaces (Fig. 1-13). 

Answer 


gq, = 652 W/m, 7,,, = 89.8°C, 
ting = 89.6°C. 


1-35. Determine the loss of 
heat from length of 1 m of the 
pipeline considered in the forego- 
ing problem, provided: the pipe- 
line is covered with a layer of Fig. 1-13. Solution to pro- 
insulation 60 mm thick (Fig. blem 1-34 
1-14). The thermal conductivity 
of the insulating material 4, = 0.15 W/m. C. The local 
coefficient of heat. transfer from the surface of the insula- 
tion to the surrounding air a, = 8 W/m*.-°C. All other con- 
ditions remain ‘as in problem 1-34. Also g¢alculate the 
temperatures of the outer tube surface ¢,,, and of the outer 
surface of the insulation ty. 

Answer 


m = 145° W/m; ty, = 89.9°C: t,, = 5.3°C. 


1-36. A pipeline, d,/d, = 29/29 mm in diameter (A, = 
= 50 W/m-°C), covered with a layer of torfolium insula- 
tion 25 mm thick (6,) with thermal conductivity 4, = 


= 0.06 W/m-°C carries saturated steam at pressure of 
980 k-Pa. 
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Fig. 1-14. Solution to problem 4-35 


Determine the daily loss of heat, expressed in kilograms 
of steam, from a section of the pipeline 30 m long and the 
temperature of the insulation outer surface, if the loca) coef- 
ficient of heat transfer from steam to the wall a, = 
=: 2000 W/m?.°C, and the local coefficient of heai transfer 
from the outer surface of the insulation to surroundings 
ae = 10 W/m?-°C. The temperature of the surrounding air 


Lis —= 
Answer 
The daily loss of heat, expressed in kilograms of steam, 
G = 105 kg/day. The temperature of the outer surface of 
2°C. 


insulation t,,3 = 64. 


{-37. A tubular air heater rated at 2.78 kg of air per 
second is built-up of tubes aids = 43/49 mm in diameter. 
The thermal conductivity of the tubes 4 = 50 W/m-°C. 
The hot gas flows inside the tubes and the outside surface of 
the tubeg is exposed to air in grossflow. The mean tempera- 
ture of the flue gas t,, = 250°C and the mean temperature 
of the air being heated t,, = 145°C. The difference between 
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the air inlet and outlet temperatures ét = 250°C. The local 
coefficient of heat transfer from the flue gas to the wall a, = 

= 45 W/m?.°C and that from the wall to the air a, == 
= 25 W/m?-°C, 

Calculate the overall, or total, coefficient of heat trans- 
fer and determine the heating surface of the air heater. Cal- 
culate, using the formulae derived for a plane (flat) and 
cylindrical walls. Compare calculation results. 

. Answer 

4. Calculations with the aid of the formula derived 
for a cylindrical wall give an overall heat-transfer 
coefficient k, = 0.75 W/n?. °C, and a heating § surface. 
F = 412 m’. 

2. Calculations with the aid of the formula derived for 
a plane wall give an overall heat-transfer coefficient k= 
= 16 W/m?.-°C, and a heating surface F = 418 m’. 


1-38. Find the change in the thermal capacity of the air 
heater and the rate of air flow in problem 1-37, if ‘in the 
course of service the surface of the heater exposed to the 
flue gas becomes covered with a layer of soot of thickness 
5, = 1 mm; the thermal conductivity of soot A, = 
= 0.08 W/m-°C. All other conditions of problem 1-37 re- 
main the same. 

Calculate with the aid of the formula for a plane wall 
1-37, compare with the corresponding variant of problem 

Answer 

Under the conditions assumed, the thermal capacity of 
the air heater Q = 587 kW. The drdp in thermal capacity 
AQ = 16.7 per cent. The rate of air flow through the heater 
G = 2.23 kg/s. 


1-39. An oil pipeline, d,/d, = 44/51 mm in diameter, is 
covered with a layer of corcrete of thickness 6, = 80 mm. 
The thermal conductivity of pipeline material oe 
= 50 W/m-°C and thé thermal conductivity of concrete A, = 
= 1.28 W/m-°C. The mean temperature of the oil filling 
the section of pipeline considered ¢;, = 120°C; ambient air 
temperature t;, = 20°C. The local coefficient of heat trans- 
fer from oil to the wall a, = 100 W/nm?-°C and that from 
the surface of concrete to air a, = 10 W/m?.-°C. 
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(a) Calculate the loss of heat from length of 1 m of a 
bare pipeline and from the pipcline covered with concrete. 

(b) What should the magnitude of the thermal conductiv- 
ity of the insulation be to ensure a loss of heat from the 
pipeline covered with insulation of any thickness, not exceed- 
ing the loss of heat from a bare pipeline? 

Answer 

(a) The loss of heat from unit length of the bare pipeline 
g, == 142.5 W/m. The loss of heat from a concrete-covered 
pipeline g,; = 249 W/m. 

(b) For the heat loss from the insulated pipeline to be 
less than the amount of heat loss from a bare pipeline, 
at any thickness of the layer of insulation, the thermal con- 
ductivity of the insulation must be equal to or less than 
0.26 W/m-°C. 


1-40. What should the thickness of sovelite insulation 
be, 6jn5, With a thermal conductivity A,,, = 0.08 W/m-°C 
so that the loss of heat from length of 1 m of the insulated 
pipeline would be three times less than the amount of heat 
loss from a bare pipeline, under the conditions assumed in 
problem 4-39? 

Answer 

The sovelite insulation must be 75 mm thick, 5,,, = 
= 75 mm. 

Hints. 

In the foregoing problem, the loss of heat from length 
of 1 m of a non-isolated, bare pipeline was found to be q; = 
= 142 W/m. For an isolated pipeline the formula for the 
loss of heat from length of 4 m will take the form 


0); [nS | eel); | ae 
lins — ae ~~ {/aydy + t/ohy In do/dy+tloding In d3/dg+1/dod3 ° 


Solving the above equation in respect to " d,/d,, we find: 


ds = ins qiins (—; a, , 1 
log — 1— mAt aid, stile S d; ' Gd, ) |. (a) 


do 2.3qjins I. 
It is most convenient to solve equations of this type graph- 
ically, denoting the left-hand side of the equation by 


Y, = log dyd, 
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and the right-hand side by 


_ Atr2hing [,  Ytins { 1 | 2-3 dg , 1 \ 
Yrs 2.391ins & At (a +3, log o+oz) |. 


Assuming several values of ds, we find graphically the 
value of the root that would satisfy equation (a). 


1-44. Dry saturated steam flows through a pipe d,/d, = 
= 48/20 mm in diameter. To reduce the loss of heat to sur- 
roundings, the tube must be insulated. Is it expedient to 
insulate the tube with asbestos the thermal conductivity 
of which 4 = 0.11 W/m-°C, if the local coefficient of heat 
transfer from the outer surface of the insulation to surround- 
ings a = 8 W/m?-°C? 

Answer 

Since the critical diameter of the insulation is larger than 
the outside diameter of the tube (d,,. in,, >> ds), it is inexpe- 
dient to use asbestos to insulate the tube, and an insulating 
material with a smaller thermal conductivity must be em- 
ployed. 


1-42. It is necessary to insulate the shell of a heat- 
exchanger. The outside diameter of the shell d,,; = 300 mm 
and its outer surface temperature ¢,, = 280°C, which can be 
assumed remaining the same after the layer of insulation is 
applied on the shell. The temperature of the outer surface 
of the insulation must not exceed 30°C, and the loss of heat 
from length of 1 m of the heat-exchanger shell must not be 
greater than 200 W/m. The local coefficient of heat trans- 
fer from the outer surface of the insulation to the surround- 
ing air a = 8 W/m?.-°C. 

Js it expedient to use slag wool as an insulating material, 
the thermal conductivity of this material depending on 
temperature, obeying the following formula A = 0.06 + 
-+ 0.000145¢ W/m-°C? If expedient, what should the thick- 
ness of the layer of this insulating material be to suit the 
preset conditions? 

' Answer 

1. The critical diameter of the insulation d,, = 20.5 mm 
which is considerably smaller than the outside diameter of 
the shell, therefore, the use of such an insulating material 
is advantageous. 


3—09215 


34 Problems in Heat Traresfer =. 
2. To ensure the preset conditions, the layer of insulation 
applied on the shell should be 136 mm thick. 


1-43. An electrical conductor having a diameter d, = 
= 1.5 mm is at a temperature t,,, = 70°C and jis cooled by a 
stream of air whose température ¢; = 15°C. The local coef- 
ficient of heat transfer from the surface of the conductor 
(wire) to the air a, = 16 W/m?-°C. 

Determine the surface temperature t,, of the conductor, 
if the latter is covered with rubber insulation of thickness 
56 = 2 mm, leaving the intensity of the current carried by 
the conductor unchanged. The thermal conductivity of 
rubber A = 0.15 W/m: °C. The local coefficient of heat trans- 
fer from the surface of the rubber insulation to the stream 
of air a, = 8.2 W/m?-°C. 

Answer 

The temperature of the insulated wire t,,, = 44°C. Thus, 
the use of an insulating material with d,., = 37 mm >d, 

leads toa greater rate of heat trans- 
= fer from the surface and results in 
g a lower conductor temperature. 


N 


Si, 1-44. Determine the thickness of 
S44 the rubber insulation of the elec- 
tric conductor considered in problem 
1-43, making it possible for the 
conductor to carry a current of max- 
imum intensity, with the temper- 
ature of the conductor remaining 
unchanged, t,, = 70°C. 
Answer 
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§ = 17.75 mm. 


Nt, ‘ 4-45. The temperature of air in 
is a reservoir is measured with the aid 
of a mercury-in-glass thermometer 
Fig. 1-15. Solution to placed into a protective well (a steel 
problem 1-45 tube) filled with oil (Fig. 1-15). 

The thermometer shows the tem- 

perature at the end of the protective well, ¢, = 84°C. 
How large is the measurement error due to the transfer of 
heat by conduction along the protective well, if the temper- 
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ature at the base of the protective well ¢, = 40°C; the 
well is 120 mm long; its thickness 6 = 1.5 mm; the thermal 
conductivity of the material of the protective well A = 
= 55.8 W/m-°C, and the local coefficient of heat transfer 
from the air to the protective well @ = 23.3 W/m?-°C? 

Answer 

The actual temperature of the air t; = 100°C; t; — t = 
= 16°C. 

Solution 

To solve the problem, let us make use of the approximate 
formula derived for a rod of finite length: 


cL een ae 
Up ch (ml)? 
where 
ty 4 J wU _ 
oy ty—TIo , oo Af? 1m 
the perimeter of the protective well u = xd, its cross se: - 
tion f = nd&, whence u/f ~ 1/6; 
then 


33.3 7 . 
ic “V serena Tog 18-7, 1/m; 
mi = 16.7 <x 0.12 = 2. 


From tables we find that ” (2.0) = 3.76, consequently, 
ty— ty 
ty-— lp 3: xe 0.266 
and the temperature of air in the reservoir 
__ ty — 0.266 to $4—0.266 x 40 | o 
nae a 


The measurement error 
ty — t, = 100 — 84 = 16°C. 


1-46. What temperature will the thermometer indicate 
and by how much will the measurement error diminish, if 
the protective well of problem 1-45 is made from stainless 
steel with a thermal conductivity A = 23.3 W/m-°C of 
length 7 = 160 mm and thickness 6 = 0.8 mm, and if the 
temperature at the base of the protective wel! will be in- 
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creased to t,— 70°C due to better insulation of the spot 
where the weil is inserted into the reservoir? 
Answer 


ty = 99.8°C; t, — ty = ().2°C. 


1-47. To ensure better cooling of the outside surface of a 
semiconductor refrigerator, the outside surfaces of the refri- 
gerator side walls are provided with 
vertical aluminium fins (Fig. 1-16). 
In the plan the refrigerator cham- 
ber is square-shaped. The width of 
the side walls }=800 mm; height 
kh = 10009 mm; the height and 
thickness of the fins are respectively 
t= 30 mm and 6 = 3 mm. Each 
wall has 40 fins. 

The temperature at the base of a 
fin t, = 30°C; the temperature of 
surroundings t; = 20°C; the thermal 
conductivity of aluminium A = 
= 202 W/m:°C; the local coefficient 
of heat transfer from a finned sur- 
face to the surrounding air @ = 7 W/m?.°C*. 

Calculate the temperature at the end of a fin ¢,; and the 
quantity of heat transferred from the four side walls, Q,. ,. 
Also calculate the amount of heat that would be lost from 
non-finned walls to surroundings under the same condi- 
tions, Q,,. 

Answer 


t; =29.8°C; Q;.4 = 848 W; Q, = 223 W. 


1-48. A heating unit is made in the form of a vertical 
tube fitted with vertical rectangular-section steel] fins 
(Fig. 1-17). The tube height A = 1200 mm; outside diameter 
d, = 60 mm; the fins are 50 mm long, and their thickness 
)} = 3 mm. There is a total number of 20 fins. 

The temperature at the base of a fin t, = 80°C; the tem- 
perature of surroundings t; = 18°C. The local coefficient of 


Fig. 1-16. Solution to 
problem 4-47 


* In solving the problem, the coefficient of heat transfer from the 
‘ surface between fins (plane, non-finned surface) is assumed equal to 
the coefficient of heat transfer from the surface of fins. 
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heat transfer from the fins and from the plane, non-finned 
surface of the tube to the surrounding air @ = 9.3 W/m’-°C; 
the thermal conductivity of the tube wall ) = 55.7 W/m-°C. 
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Fig. 1-17. Solution to problem 1-48 


Calculate the amount of heat transferred from the finned 
wall to surroundings. 

Answer 

The amount of heat lost into surroundings from the fins 
Q; = 1270 W. The amount of heat lost from the plane, non- 
finned surface of the tube, arranged between the fins, @,, = 
= 88 W. The amount of heat lost from the entire finned 
wal] QO; w = 1358 W. 


1-49. A water economizer of the KTH system is built- 
up of round finned iron tubes of an outside diameter d = 
-= 76 mm. The diameter of the circular fins D = 200 mm and 
fin thickness 6 = 5 mm. 

Determine the quantity of heat that will be transferred 
from the flue gas to the external surface of one economizer 
tube and the temperature at the tip of a fin, if flue gas tem- 
perature ¢, = 400°C and the temperature at the base Of fins 
t, = 180°C, the length of the tube exposed to the hot flue 


gas on 3 mand the number of fins placed along this length 
n = 190. 
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The local coefficient of heat transfer from the hot flue 
gas to the finned surface a = 46.5 W/m?-°C; the eal 
conductivity of iron A = 52.4 W/m-°C. 

Answer 

The amount of heat transferred through the fins Q; = 
= 50 kW. The quantity of heat transferred through the 
plane, non-finned surface of the economizer tube Q,, = 
= 5.0 kW; the total amount of heat transferred from the 
flue gas to a finned tube Q;.,, = 55.5 kW. 

Solution 

If the flow of heat from the tip of a fin is ignored, the 
formulae for the excess temperature at the tip of a fin and 
the quantity of heat transferred through one fin take the 
appearance: 

= 8 Tq (mre) Ky (mrg) + 14 (erg) Kg (mre) | 
2 ET (ry) Ky (mre) +1, (mre) Ky (mry) * 
On — 2r,Admd,¥, 
where 
Ly (mre) Ay (mr) — 74 (rig) Ky (mre) 
sae To (mr,) Ky (mro) + 14 (mre) Ko (imry) © 
In our case 


~ {2x5 
a V =V saxo ~ 18-9 I/m: 
y= 4/2 = 76/2 = 38 mm; r, = 100 mm; 
mr, = 18.9 x 0.038 = 0.719; mr, = 18.9 x 0.1025 = 
— 1.94, 


where the flow of heat from the tip of a fin was accounted 
for approximately by increasing r, by one half of fin thick- 
ness: r, =r, + 6/2 = 0.10 + 0.0025 == 0.1025 m. 

Substituting the obtained values of m:, and mr, into the 
expression for the excess temperature a: ' e end of a fin, 
we obtain: 


; To (4.94) Ky (1.94) + 14 (1-94) Ky (4.94)? 

“>= “4 7 (0.719) Ky (1.94) + dy (1.94) Ko (0. 719) 
2.1926 X 0.153 -+ 1.509 x 0.1305 

= (400 — 180) 1.1336 X 0.153-+ 1.509 X 0.643 102.5; | 
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whence the temperature at the end (tip) of a fin 
t; = ty — 0, = 400 — 102.5 = 297.5°C 


‘To determine the amount of heat transferred through one 
fin, we calculate the function 


isis ae ee er a 
~~ Tq (0.719) Ky (4.94) + Ty (1-94) Ko (0.719) 


_ 1.509 x 1.014—0.3836 X 0.153 _ 4 995 
—~ +. 1336 X0.153-+1.509X 0.643 


and , 
Q,, = 2n x 0.038 x 52.4 x 18.9 x 0.005 x 220 x 

«x 1.295 = 337 W; 
for 150 fins Q, = nQ,, = 150 x 337 = 50 kW. 


The amount of heat lost from the plane, non-finned sur- 
face arranged between the fins 


QO,» = a0 2nr, (lL — nS) = 46.5 XK 220 x 2n X 
x 0.038 x (3 — 150 x 0.005) = 5.5 kW. 


The total amount-of heat transferred from the finned tube 
to the surrounding air is 


1-50. Solve problem 1-49 by means of the simplified solu- 
tion method, using the relation for straight fins and making 
use of the graph shown in Fig. 1-18 [13]. 


LF 
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Fig. {-18. Sulution to problem 1-50 
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Answer 
On = 341 W. 
Solution 


Determine the height of a straight fin 
h=r,—r, +5 =100—384 2 = 64.5 mm. 
From problem 1-49 we know that m = 418.9, then 


mh = 18.9 x 0.0645 = 1.22. 


Determine the ratio of the excess temperatures at the 
tip and base of a fin 


$= hank) = Thay = 9-543; 
re 100 __ 
= ay = 2.64. 


Knowing the ratios ¢,/0, and r,/r,, the graph in Fig. 1-18 
is used to find the correction factor e” = 0.836. It is the 
ratio of the amounts of heat lost from unit area of a circu- 
lar and a straight fin of equal —— 


e” = SH = £1 va 
q Fy, “ Q° 


The amount of heat transferred to a straight fin of length 


= 41m and with a cross-sectional area f = 61 =5 x 
x 10-* x 1 = 0.005 m3, 


Q = Amf} th (mh) = 52.3 x 18.9 x 1 Xx 0.0059x 
x 220 x th (1.22) = 978 W. 
The surface of such a fin ” 
F = 2hi = 0.0645 x 1 x 2 = 0.129 m?: 
q= Ga SR = 7580 W/m, 
The surface of a circular fin 
Fy, = 2n7(0.19 — 0.038") = 0.0537 mi’. 


The unknown amount of heat transferred to the circular 
fin 


Q), = e"gF;, = 0.836 x 7580 x 0.0537 = 341 W. 
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1-51. An air heater comprises component elements made 
of oval-shaped iron tubes. The profile of the fins is trapezoi- 
dal, and they are arranged along the generating line on the 
inner surface of a tube, as illustrated 
in Fig. 1-19. | 

Determine the amount of heat lost 
from the surface of a fin of a tube 
lL = 2500. mm. The height of the fin 
h = 30 mm; the thickness at the sur- 
face of the tube §, = 3 mm; the 
thickness at the end or tip of the fin 
5, = 1mm. The thermal conductivity 
of iron A = 52.3 W/m-C. 

The temperature at the base of the 
fin ¢, = 450°C; air temperature ft; = Fig. 1-19. Solution to 
= 350°C. The coefficient of heat trans- problem 1-54 
fer from the§surface of the fin to 
the ‘air, flowing through the heater, @ = 23.3 W/m?-°C. 

Also determine the temperature at the end of the fin. 

Use exact formulae to solve the problem. The heat dis- 
sipated from the tip of the fin is-accounted for by increasing 
its height by one half of its thickness. 

Answer 


Q,;, = 312 W; t, = 435°C. 
Solution 


If the heat transferred from the tip of the fin to surround- 
ings is ignored, the formulae for the excess temperature 
at the tip of the fin and the amount of heat transferred take 
the form: | 

6, = 6, Lol2 V 2a) Ks (2 V Za) + M1(2 V 2s) Ko (2 V Zp) ,. 
Tg (2 ¥Z,) Ky (2 VZ2) +1, (2 WZ) Ky (2 V2) 
_ 26,18, 
Qs i * V Z; tan @ 


pal (2 WZ) Kr (2 WV Zq)—Iy (2 V Zs) Ky (2 WZ) 


Ty (2 V2) Ky (2 V Ze) +14 (2 V Ze) Ko (2 V2) 
and 
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In the problem considered 


0.3 (64 — be) 0.5 (3—1 { 
i le 7 = a 2 =o 
0.58) 0 
Ly= Tang UX 8 x 30 = 45 mm; 
Le 222, —h = 45 ~30= 15 mm; 
%; Ses 0 __ 23.3 K 0.045 rm ( 
i tan — yg UU te 
y _ 23.3X0.015 on no. 
ZL» = <a 30 = 0.2; 


2VZ,=2V059-=51.54, 2VZ,=2 0.2 = 0.894. 


Substituting the values obtained into the expressions for 
the excess temperature at the tip of the fin, we obtan: 


Tq (0.894) Ky (0.894) + I (0.894) Ky (1.894) _ 
1 To (4.54) K, (0.894) + J, (0.894) Ko (1.54) 


1.2130 X 0.717 0.497 X 0.487 _ ge oc 
1.7 0.717 +.0.497 x 0.204 


», 8 
= (450 — 350) 


In the case under consideration the temperature at the 
tip of the fin ¢; = 85 + 350 = 435°C. To determine the 
amount of heat transferred from the fin to surroundings, 
calculate the function y: 


ee Ty (1.54) Ky (0.894) — 1, (0.894) Ky (41.54) 
~~ Fo (1.54) Ky (0.894) +7, (0.894 Ko (1.54) 
_ 1.023 x 0.747 —0.497 x 0.263 __ 0.458- 
4.7 xX O.717-+0.497 & 0.204 7 
then 


16 10 23.3 «K U.003 & 2.5 x W 
) ss Se { i S= . eeseianath Se epee St eae aie ea eS 1) Og W, 
QO, == 5 snes 0.458 
V0.59 x oy 


1-52. Solve problem 1-51 with the aid of the simplified 
calculation method for trapezoidal section fins, using the 
graph shown in Fig. 4-20 [13). 


Answer 
Q, —_ 312 W. 
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U8 1G 


Fig. 1-20. Solution to problem 1-52 


1-53. An electric neater is made from nichrome wire 2mm 
in diameter (d) aud 10 m long (?). 

Cold air is blown at the heater, at a temperature ¢; = 
= 20. 

Calculate the rate of heat flow from length of 1 m of the 
heater, ana also the temperatures at the surface, /,,, and 
central liue, ¢), of the nichrome wire, if the intensity of the 
current flowing through the heater is equal to 25 A. The 
specific resistance of nichrome 9 = 1.1 Ohm-mm/?/m; the 
thermal conductivity of nichrome A = 11.5 W/m-°C, and 
the local coefficient of heat transfer from the surface of 
the heater to the air @ = 46.5 W/m?.°C. 

Answer 

= 218.5 W/m; 


= 770°C; t, = 769°C. 
Solution 
The electric resistance of the heater 


_ pl 1a K10 
R= mrt 344K 3.5 Ohm. 


The amount of heat released by the heater 
Q = PR = 25? x 3.5 = 2185 W. 


‘The rate of heat flow from length of 1 m of the nichrome 
wire 


| == fae K 218.5 Wim. 
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The surface temperature of the wire is determined from 
the conditions for heat transfer: 


218.5 
tw =ty + saa = 20+ Sar omE RIES ~ 789 °C. 

The temperature at the axis of the nichrome wire is de- 
termined from the conditions for heat transfer in the pres- 
‘ence of inner heat sources: 

218.5 0 
t= to + aay = 169 + Gog xaTE = 770°C. 


1-54. A nichrome rod 5 mm in diameter and 420 mm long 
carries an electric current. The potential difference across 
the ends of the rod; U = 10 V. 

On the surface of the rod water boils at a pressure p = 
= X 10°: Pa. 

Determine the volumetric rate of heat liberation from 
the inner heat sources, g,, W/m’, the rate of heat flow on 
the rod, qg, W/m', the rate of heat flow from unit length of 
the rod, g;, W/m, and the temperatures at the surface and 
central line of the conductor, if the local coefficient of heat 
.atransfer from the surface of the rod to the boiling water 
a = 44400 W/m?-°C. The specific resistance of nichrome 
p=1.17 Ohm-mm*/m. The thermal conductivity of 
nichrome 4 = 17.5 W/m-°C. 

Answer 


q@, = 4.83 x 10° W/m?; q = 6.08 xk 105 W/m?; 
G¢> 9540 W/m; ie = 164.7°C; | ty = 908.2 °C. 


1-55. The fuel element of a nuclear reactor is made from 
& mixture of uranium carbide and graphite in the form of a 
cylindrical rod with a diameter d = 12 mm. 

The volumetric rate of heat liberation from the heat 
sources g, = 3.88 x 10° W/m*. The heat sources can be as- 
sumed to be uniformly distributed over the entire volume. 
The thermal conductivity of the material from which the 
rod is made A = 58 W/m: °C. 

Determine the temperature and the rate of heat flow from 


the surface of a fuel element, if maximum surface tempera- 
ture is 2000°C. 
Answer 


~ 4940°C; g = 4.46 x 10° W/m?. 
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are 


1-56. The permissible continuous load for edge-moun iJ” 
steel bus bars of 100 x 3 mm cross-sectional area shoud 
not exceed 300 A. At an ambient air temperature ¢, = 
= 25°C the maximum temperature of the bus bar. must not 
exceed 70°C. 

Calculate the bus-bar surface temperature and determine 
what should be the local coefficient of heat transfer from 
the surface of the bus bar for the surface temperature of 
the bus bar would not exceed the maximum admissible value 
(fg = 70°C). . 

The thermal conductivity of steel 4 = 64 W/m-°C and 
the specific resistance of steel p = 0.13 Ohm-mm?/m. 

Answer 


t, &% tp = 70°C; a = 4.3 W/m?-C. 


1-57. An electric heater made from a constantan band, 
measuring 1 X 6 mm and 1 m long, carries a current of 
20 A. The voltage drop across the heater amounts to 200 V. 

Determine the surface temperature of the constantan band 
and its mid thickness temperature, if its local coefficient 
of heat transfer « = 1000 W/m?-°C, the surrounding tempe- 
rature ¢; = 100°C, and the thermal conductivity of con- 
stantan A = 20 W/m-°C. 

Answer 


t, = 433°C; t, = 437°C. 


1-58. A stainless steel tube with an inner diameter d, = 
= 7.6 mm and an outer diameter d, = 8 mm is heated with 
electric current, connecting the tube directly into an electric 
circuit. 

All the heat evolved in the wall of the tube is transferred 
from the tube through its inner surface. 

Calculate the volumetric rate of heat liberation from the 
inner heat sources and the temperature drop across the wall 
of the tube, if the latter carries a current of 250 A intensity. 

The specific resistance and the therm - conductivity 
of steel are respectively 9 = 0.85 Ohm am*/m, A = 
=18.6 W/m-°C. 

Answer 


Qo = 2.22 X 10° W/m"; tig — ty © 2.4°C. 
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Solution 
The electric resistance per unit length of the tube 
ntsc 0.89 __- = 0.174 Ohm/m. 


"7 (r?—r3) 3.44 (42 — 3.82) 
The rate of heat flow per unit length of the tube 
= [?R, = 250? x 0.174 = 10 870 W/m. 


The volumetric rate of heat liberation from the inner heat 
sources 


og 10 870 _ ‘ , 
qy = n(r3—r?2) 3. 14 (42 — 3.82) 40-8 2.22 x 10 W/m ° 


The peerpeeareey drop across the wall of the tube 
bing aby oe mit | 2 In—2 + (=) — 4 | = 


= Wer v3 | Qin a | (<t)" ~4 |= 


_ 2b <1 x0.008 rx 231m 4-(38 sr) —1 | © 2.4°C. 


1-59. A stainless steel tube'is heated with electric current 
by direct connection into an electric circuit. The tube is 
200 mm long, its outer and inner diameters are respectively 
d, = 12.4 mm and d, = 12 mm. 

All the heat evolved in the wall of the tube is transferred 
through its outer surface. 

Determine the temperature drop across the wall and the 
intensity of the current flowing through the tube, if the 
heat flux transferred from the outer surface of the tube 
Q = 14 kW. | 

The specific resistance and the thermal conductivity of 
the tube material are respectively 


= 7.85 Ohm-mm?/m and &4 = 18.6 W/m-°C 
Answer 
bg Stipe ee Ce 502 A. 


1-60. A plate with uniformly distributed inner heat sources 
is cooled symmetrically from both surfaces. The temper- 
ature of the cooling fluid, or coolant, is ¢;. Under these 
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conditions the temperatures of the surfaces ¢,,, = ty 


we -- 
= t,,, and the maximum temperature at the middle of the 
plate is equal to ¢g. 

Determine the temperatures of the surfaces of the plate 
ty, ANd tye, if — transfer of heat from one of the surfaces 
is terminated, , under the condition that q,. = 0. 

Answet 


Lied == ly + 2 (t,, _— tr) == ie — Ly; 
ting = ty + 4ty — 2 (ty + ty) = 4lg — (2tw + ty). 


1-61. Acting in a 6 mm plate, made from a material with 
a thermal conductivity 4 = 20 W/m-°C, are uniformly dis- 
tributed inner sources of heat g,. The temperatures of plate 
surfaces are respectively t,,, = 120°C and t,,, = 127.2°C. 

Determine the relative coordinate z,/s and the maximum 
temperature in the plate ¢,, and also the rates of heat trans- 
fer from the plate surfaces, ¢,,, and gyq, if g, = 9 X 10%, 
2 xX 107, 8 «x 108, and 4 x 108 W/m. 

Answer 


At gq, = 95 X 107 W/m?: 2,/s = 0.58; 
ty 135°C; gy, = 1.26 x 10° and q,,, = 1.74 x 
x 105 W/m?. 
At qop = 2 X 107 W/m?: z,/s = 0.7; 
tp ~ 180°C; gu, = 3.610 and g,, = 8.4 x 10* W/m’. 
At gp, = 8 X 10° W/m?: z,/s = 1.0; 
ty = bye = 127.2 °C, qy2=0, and gy, = gos = 4.8 X10* W/m?. 
At gp = 4 X 108 Wi/m?: x/s = 1.5: 
Gwe = —1.2 10° W/m? and q,,, = 3.6 xX 10% W/m. 


Temperature distribution profiles are shown in Fig. 1-21. 

Solution 

if the origin of coordinates is placed as shown in Fig. 1-21 
the equation for the temperature field in the plate takes the 
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form: 
t—tws = 2 (Qty —2), 
where 
29/8 = + + a (tins — tw), 


and the maximum temperature 


At gq, = 95 xX 10’ W/n? 


z 4 20 . , 
Tq = 0.588 = 0.58 x 6 = 3.48 mm; 
t= 120 + 2X10 BAB x 0 zx 135 °C; 


Iwi = Ippo = 5S X 107 K 3.48 x 10°F = 1.74 x 105 W/m: 
Qos = Gp ($ ~ Z) = 5 X 107 (6 — 3.48) 10-8 = 
= 1.26 x 10° W/m’. 


For other values of g, calculations are identical. 

At q, = 8 x 10° W/m® z,/s = 1, ie., the maximum 
temperature is at the plate surface, % = t,, = 
= 127.2°C, ¢.,, = 0, and the heat 
liberated in the plate is trans- 
ferred through the other surface: 
Gwi = Wnt = 98. 

At q, = 4 X 10* W/m® the tem- 
perature has a fictitious maximum 
arranged outside of the plate (zx, > 
> s), and heat’is transferred to one 
of the plate surfaces from the out- 
side, i.e., heat is. being trans- 
ferred through the wall: 4,,. = 4, 
(s — x») = —1.2 x 10* W/m?. The 
heat removed from the plate 
through the other surface, 9... = 
= Tore = 7,8 + | @ | = 2.4 x 10% 
+1.2 x 108 = 3.6 «x 10* W/m?. 
Fig. 1-24. Solution to Temperature profiles in the plate 

problem 1-64 are shown in Fig. 1-24. 
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1-62. Determine the value of t, and the coordinate z, of 
the™=maximum temperature_in a plate with uniformly dis- 
tributed heat sources having a volumetric rate of heat lib- 
eration g, =8 xX 10° W/m. The plate thickness s = 10 mm; 
the thermal conductivity of the plate material A = 
— 20 W/m-°C. The surface temperatures of the plate are 
respectively ¢,,, = 80°C and t,,, = 86°C. 

Answer 

t, ~~ 88.5°C, the coordinate x), measured from the sure 
face which is at a temperature ¢,,,, is equal to 6.5 mm. 


1-63. Acting in a plate of thickness s = 5 mm are uni- 
formly distributed heat sources with a volumetric rate of 
heat liberation g, =2.7 X 107 W/m. The thermal conduc- 
tivity of the plate material 4 = 25 W/m-°C. The local 
coefficients of heat transfer from the surfaces of the plate to 
the fluid to which it is exposed a, = 3000 W/m?-°C and 
a, = 1500 W/m?-°C and the temperatures of the fluid are 
respectively ¢,, = 130°C and t;, = 140°C. 

Determine the coordinate and the magnitude of the maxi- 
mum temperature in the plate, z, and f,, and also the tem- 


peratures at the surfaces of the plate, ¢,,, and ¢,,,. 
Answer 


zy = 3.5 mm; t, = 168.1°C; ¢,,, = 164.5°C; 
tne — 167°C. 


Solution . 


With g, = const and A = const, a non-symmetrical tem- 
perature field and -boundary conditions of the third kind 
the relative coordinate or the maximum temperature in 


the plate 
| hr A 
to Ttialta-w+s, 
1+=(>+—) " 


where z, is measured from the surface which is exposed tc 
the fluid at a temperature ?,,. 


4—0215 


50 — Problems in Heat Transfer 


—se- ee 


In the case considered 
25 20 


ay _ DT ETXIN Sx top OY) FTES X10 _ 7 


s 25 1 | 
1 4033 ( 3 x 108 + eit 
x,=0.7 X 5 = 3.5 mm. 


The surface temperatures of the plate 
px 
bwy = Ey an = bys += 


2.7% 407 X 3.5 xX10-3 | on. 
2AXAO BS XIO™ = 161.5°C: 


Wwe _ 4 Yo (s—zo) 
+ {et typ | BERD 


= 130+ 


two — Lye 


Sea. ‘. 
2.7 X 107 (8 — 3.5) x 10> ~~ 467°C. 


= 140+ 1.5 x 103 


The maximum temperature 
zi 
tp =lwit Iw =r =bwy + 3S = 
2.7% 107 (3.5 x 10-8)2 ; 
camamer 12 |-aneaanie 168.4 °C. 


1-64. A plate with uniformly distributed inner heat sources 
having a volumetric rate of heat liberation g,, W/m’, is 
exposed on both sides to a flowing fluid. The thickness of 
the plate is s, m, and the thermal conductivity of its mate- 
rial is 14, W/m-°C. The temperature of the fluid on one side 
of the plate is ¢;,, °C, and the local coefficient of heat transfer 
from thi. surface to the fluid is equal to a,, W/m?-°C. 

Determine the temperature of fluid on the opposite sur- 
face of the plate, t;,, at which the rate of heat flow from this 
surface will be equal to zero (q,, = 9). 

Answer 


== 464.5 4 


$ 1 
tye ==ty, + 9,8 (or t+) : 


1-65. A plate with uniformly distributed inner heat 
sources with a volumetric rate of heat liberation ¢g,, W/m’, is 
exposed on both sides to a flowing fluid. The local coeffi- 

“cients of heat transfer from the surfaces of the plate to the 


‘jie... 
4 
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fluid and the*temperatures of the fluid are respectively a, 
and a,, W/m?-°C, t;, and tz, C. The thickness of the plate is 
Ss, m, and the thermal conductivity of its material is 4A, 
W/m.-°C. 

(a) Determine the relation between the temperature differ- 
ence (tj. — t;,) and the local heat-transfer coefficients a, 
and a, for the case when the maximum temperature is at 
the middle of the plate, z4/s = 1/2. 

(b) Determine the value of the t 
temperature difference (t;.— ¢,,) te. 
at z,/s = 1/2, if a, = 2a. 

(c) Find the expression for x,/s 
when ft, = ty, and @, = 2a. 

Answer 


WANNAARAAARD 


er ee —-——_) 
(a) ty--ty,=B (— ae 
= = Gps 


TQ ays th 
i Ra aa Tre a 


1-66. Calculate the distribu- 
tion of temperature in the cross 
section of a fuel element made 
in the form of a long hollow cy- 
linder (Fig. 1-22) having an inner 
diameter d, = 16 mm and outer 
diameter d, = 26 mm. The fuel 
element is made from uranium 
with a thermal conductivity A = 
=31 W/m-°C. The inner and 
outer surfaces of the fuel ele- 
ment are covered with tightly fitting stainless steel clad- 
dings of thickness 6 = 0.5 mm. The thermal conductivity of 
stainless steel A,; = 21 W/m-°C. The volumetric rate of 
heat liberation in the fuel element is assumed to be uniform 
over the cross section and equal to q, = 5 * 107 W/m’. 

The fuel element is being cooled with carbon dioxide 
(CO,) flowing along an inner and outer channels. The bulk 
temperature of the coolant (CO,) in the inner channel ¢;, = 
= 200°C and in the outer channel, t,, = 240°C. The local 
coefficients of heat transfer from the surfaces of the claddings 


4% 


A bbe 


Fig. 1-22. Solution to pro- 
blem 1-66 
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to the gaseous coolant are equal respectively to a, = 
= 520 W/m?-°C and a, = 560 W/m?-°C. 

‘Determine by calculation the maximum temperature for 
the fuel element ¢,, the surface temperatures of the claddings 


to, and ¢t,, and the uranium surface temperatures }¢, 
and f,. 


Answer 

t, = 463°C; t,, = 457°C; ty, = 455°C; © t, = 459°C; 
t, = 458°C. Temperature distribution through the fuel ele- 
ment is shown in Fig. 1-22. 

Solution 

To calculate the temperature distribution, we must find 
the neutral-section radius r). Since the magnitude of the 
neutral-section radius ry, depends on the rate of heat trans- 
fer (removal) from the surfaces of the uranium fuel element 
and known are the local: coefficients of heat transfer from 
the surfaces of the claddings, a, and a,, first determine the 
effective heat-transfer coefficients a,;, and @,es,, accounting 
for the thermal resistance of the claddings: 


{ 1 1 a 
epi 4 (dy —28) © Bho ” eh — 28) 


{ { 16 
= 520 (16 — 1) x 10-8 + s3cor 1B qgayz = 0.1298; 


a 1 — } 2.7 
“ett = 01298 x 16 x 10-3 =452 Wim"'G; 


fw dg dy dat 2d 
Qef2 Ag (dg -+- 26) + 2hel m de 
26 x 10-5 268x103 ; 26+4 


Ya ee — 3. 
= 500 (26+ 1)x 40-8 | 2x21 In 5g = 1.747 x 10™; 
i 0 
Sis = Taxes O78 Wim. 


The neutral-section radius 


aap 


ty) +42. [ 24 Fg 
VV ta + [ota ta aa | 
ny | et. EN SNE a 


do 4 4 4 rs ‘ ee 
=" = ln — ‘2 
é ice r Qefsi's a ry = 
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810-3  13-10-8 |” 
Pea e ? ER ED 


= 2.5.40? ( 


i i 
B2.8-105 | 573-413-405 © 


~ yt gga 
mn tege-mrt) =10° Y 103.9 =10.2 x 107 m. 
+ 31a) 
The rate of heat flow on the inner surface of the uranium 
fuel element is determined from the relationship 
Q2nr, = yn (r5 —T}), 


__ Out (2 1) = 2x tixex i 
—1)=—-—+ -—_ (-& 


= 4.25 x 108 W/mi?. 
The temperature at inner surface of uranium fuel element 


ty = t+ = 2004 SOX IO =200-+ 259 = 459°C. 


The rate of heat flow on the inner surface of the cladding 


~1)= 


ut = 1g tog = 1.25 x 10848 = 1.335 x 108 Win 


The temperature at the inner surface of the cladding 
__ wi 1.335 « 405 = _ ° 

tent eae say = 200 + 257 = 457°C, 

The rates of heat flow q, and g,,, and the temperatures t, 


and ¢,,, for the outer surface of the uranium fuel element 
are determined in a similar way 


_ Ivor ra 5X10? x 13 x 10S 10.2%) 
R=-Z (1-3) = A (1--Gr) = 
= 1.25 x 108 W/m’; 
= qs 1.25 x 105 Reem. 
bo = tyo-+ a = 240 + ——-3—— = 240 + 218 = 458 C; 


Gws = 9s rin = 1.25 x 108 5 = 4.205 x 10° W/m: 


toa =tyy+ S22 = 240+ RAN = 240-4 215 = 455°C. 
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The distribution of temperature over the cross section 
of the uranium fuel element is determined from equation 


t=t+2| ont In = —(F—r) |, 


and the maximum temperature is found from the condition 
with r =r, ¢ = t) and, hence, 


to = ty Ge | rf In 2 — (73 rf) | = 


2X 10? - 40.2 
= 4594 —*—. | 2 x 10.2% in = — (10.22 — 8%) | 10-* = 


= 459 4+ 4.2 ~ 463°C. 
Temperature distribution is shown in Fig. 1-22. 


1-67. Determine the maximum temperature of a fuel ele- 
ment under conditions of problem 1-66, if (a) the inner chan- 
nel ceased to be cooled for some reason or other; (b) the 
outer channel ceased to be cooled. 

Answer 

(a) t, = t) ~ B10°C; (b) ty = ty w 9O4C, which is inad- 
missible both for the uranium element and for its cladding. 

Solution 

(a) If the inner channel is no more cooled, then g, = 0 
and the maximum temperature shall be at the point ry, = r;. 
Under these conditions 


= Aes (4 — TE) = SRI XO (1a 
= —5* (1 2 1 — 37) 


= 2.02 «x 105 W/m?; 


ty = ty + is. = 240 + 2:02 X10" _ 9404-353 =593°C; 


a 973 


fy = 1, =t,+ ae | (3— rt) — rt In | = 


=593 4 5X10" [ (132 84) —2 x 8 In $B] 10-7 = 


= §93-++ 17.4 ~ 610°C. 
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(b) If cooling of the outer channel] is terminated, then 
gg = 0 and ry, =r,. Then, 
5x 107* 8x 410-5 ¢ 13? 
— a (4- —1)= x * x = 4r—1)= 
— 3.28 x 108 Wim: 


tty t= 2 0 200 + 680 = 880°C; 
pata ty +2 | 2r3 In 2 —(r} —r}) |= 


5 x 407 2 
= 8804725 | 2x 13? 10 £3. 4588) ] 10° - 


= 880 + 23.8 ~ 904°C. 

1-68. A hollow cylindrical fuel element with an inner 
diameter d, = 14 mm and outer diameter d, = 24 mm is 
made from uranium with a thermal conductivity A = 
= 31 W/m-°C. Both surfaces of the fuel element are covered 
with tightly fitting stainless steel claddings with A,; = 
= 24 W/m-°C. The thickness of a cladding is 0.5 mm. The 
volumetric rate of heat liberation in the uranium fuel ele- 
ment is assumed to be uniform over the cross section and 
equal to g, = 2 * 108 W/m?. 

The fuel element is cooled with water flowing along an 
inner and outer coolant channels. The bulk temperature of 
the cooling water in the inner channel ¢;, = 200°C and in 
the outer channel ty, = 220°C. The local coefficients of heat 
transfer from the surfaces of the claddings to the cooling 
water are respectively a, = 8200 W/m*-°C and a, = 
= 7800 W/m®*.°C. 

Determine the maximum temperature in the cross section 
of the fuel element, ¢,, the rate of heat flow and the surface 
temperatures of the Claddings, Qiniy way tw, ANd ty, and the 
rates of heat flow and the surface temperatures for the ura- 
nium, q,, @3, ¢, and #£,. 

Answer 


= 308°C; g,,, = 6.05 x 105 W/m!?; 
Qing = 4.44 & 105 W/m!; 
tiny & 274°C; ty, 277°C; «=gq, = 5.62 10° W/m?; 
Q, = 4.63 x 105 W/m; t, e 287°C; t, ~ 288°C. 
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1-69. Determine the maximum temperature of a fuel ele- 
ment under the conditions given in problem 1-68, if cooling 
of the inner channel is terminated for some reason or other. 


Answer 
t, —= ty — 404 °C; 


Chapter Two 


TRANSIENT CONDUCTION 


2-1. A rubber plate of thickness 26 = 20 mm is heated to 
a temperature of ¢, = 140°C, then exposed to the ambient 
air at a temperature ¢t; = 15°C. 

Determine the temperatures at the middle and at the sur- 
face of the plate in a time interval +t = 20 min after chilling 
of the plate is initiated. | 

The thermal conductivity of rubber 4 = 0.1475 W/m-°C. 
The thermal diffusivity of rubber a = 0.833 ‘x 1077 m/s. 

The local coefficient of heat transfer from”™.the surface 
of Ps rubber plate to the surrounding air o = 65 W/m?.-°C. 

ns wer 


temp = 47.5°C: tyug = 25.4°C. 


Solution 

The temperatures at the middle and at the surface of a 
plate of infinite length undergoing cooling (heating) in sur- 
roundings at a constant temperature can be determined 
with the aid of the graphs 9,... = f, (Bi, Fo), shown in 
Fig. 2-1, and O,—s = f, (Bi,-Fo), illustrated in Fig. 2-2. 

In the case considered 


y 0.475 
__ at __ 0,833 x 40-7 x 1200 
dia a (0.01) = 1.0. 


Using the above found values of the dimensionless terms 
Bi and Fo, we find from the graph in Fig. 2-1 Oya, = 0.26 
and from the graph in Fig. 2-2 6,5 = 0.083. 
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ne od 


The dimensionless temperature 


= t—ty 
— tg—ty : 
hence, 
bmg = by + Oyny (by — ty) oa 
= 15 + 0.26 (140 — 15) = 47.5°C 
and 


beng = ty + Ong (tg — t;) = 
= 15 x 2 x 0.083 (140 — 15) = 25.4°C. 


2-2. Assuming the conditions of problem 2-1, determine 
the temperature at a distance z = 6/2 = 5 mm from the 
middle of the rubber plate. Also calculate the dimensionless 
temperatures at the middle and at the surface of the plate 
and compare calculation results with the values of G,—, 
and @,-5, obtained in solving problem 2-1. 

Answer 


ts. = 44°C; 9,., = 0.257; 6,5 = 0.082. 


Solution 


The dimensionless temperature of an infinite plate cooled 


in surroundings at a constant temperature is expressed by 
equation 


Oe > ea (, z=) exp(—ey, Fo). (2-1) 


En + SiN @, COS By, 


=> 


R= 


Since in the case considered the dimensionless term 


Fo = 1 > 0.3 (see problem 2-1), one can use only the first 
term of the series, then 


O = N exp(—ei Fo) cos (e, ¥) 
and the dimensionless temperatures at the middle and at the 
surface of the infinite plate will respectively be equal to: 
O pay = N oxp (—2/Fo); 
0 .=5 = Pp exp (—ej{Fo). 


The values of N, P, e, and e4 as a function of Bi are given 
in Table 2-1. 
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In the case considered, at Bi = 3.73, we find from Ta- 
ble 2-4: N = 1.224, P = 0.390, 2, = 1.248, ef = 1.56. 
Hence, with Fo=1 


@x2-0/2 = 1.224 c08 (== ) exp (— 1.56) = 0.208; 


b= 5/_ == te + O x= 5/2 (tg — ty) = 
= 15 + 0.208 x 125. = 41°C; 
6.) = 1.224 exp (—-1.56) = 0.257; 
6,5 = 0.390 exp (—1.56) = 0.082. 


2-3. Determine the interval of time after the expira- 
tion of which a steel plate heated to a temperature it, = 
= 500°C and placed into the open air at a temperature t; = 
= 20°C will acquire a temperature, differing from the am- 
bient temperature by not more than 4 per cent. 

The plate thickness 25 = 20 mm; the thermal conductiv- 
ity of steel A = 45.5 W/m-°C; the heat capacity of steel 
c = 0.46 kJ/kg-°C; the density of steel p = 7900 kg/m’. 
The local coefficient of heat transfer from the surface of the 
plate to the surrounding air a = 35 W/m?.-°C. 

Hint. To evaluate the distribution of temperature over the 
cross section of the plate, first calculate the value of the 
Biot dimensionless: 


Since Bi < 0.1, the temperature can be assumed vo be the 
same at all points over the cross section and make use of 


the formula 
0 = exp (—BiFo). 


Answer 

2h 15 min. 

2-4 Determine the time t required to heat a steel plate 
of thickness 26 = 24 mm from the initial temperature f,= 
= 25°C to the final temperature ¢ = 450°C by placing the 
plate into a furnace in which the temperature t, = 600°C 
is maintained. 

The thermal conductivity, heat capacity and the density 
of steel are respectively 4 = 45.4 W/m-°C, c = 0.502 kJ/ 
kg-°C, and p = 7800 kg/m*; the local coefficient of heat 
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transfer from the hot surroundings in the furnace to the 
surface of the steel plate a = 23.3 W/m?-°C. 
Answer 
t = 45 min. 


2-5. A long steel shaft of a diameter d = 27, = 120 mm 
which is at a temperature t, = 20°C is placed into a furnace 
with a temperature t; = 820°C. 

Determine the time t required to heat the shaft, if the 
process of heating is considered terminated when the temper- 
ature at the axis of the shaft t,., = 800°C. Also determine 
the surface temperature of the shaft ¢t,.,, at the end of 
heating. 

The thermal conductivity and the thermal diffusivity of 
steel are respectively equal to 4 = 21 W/m-°C and a = 
= 6.11 xk 10-* m?/s. The local coefficient of heat transfer 
to the surface of the shaft in the furnace @ = 140 W/m?.°C. 

Answer 

t= 51 min; t,.,, = 804°C. 

Solution 

The temperatures at the axis and surface of a long cylin- 
der heated (cooled) in surroundings at a constant temperature 
can be determined with the aid of the graphs 9,... = F 
(Bi, Fo), Fig. 2-3, and O,u,, = F, (Bi, Fo), Fig. 2-4. 

In the case considered 


eg _ ty—-tr—o _ 820~—800 | 
OT ty—tp =: B20— 20 
Using these values of Bi and ©,.,, we find from the graph 


in Fig. 2-3 the dimensionless term Fo = 5.2. Hence, the 
time required to heat the shaft 


T= Oe Se = 3060 s = 51 min. 


0.025 


With Bi = 0.4 and Fo = 5.2 the dimensionless surface 
temperature of the shaft is determined from the graph in 
Fig. 2-4: 

ty-—t 


Opary = —— — 0.02. 
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consequently, 
tmp, == by — 0.02 (t; — ty) = 820 — 
— 0.02 x (820 — 20) = 804°C. 


2-6. Under the conditions of problem 2-5 determine the 
temperatures at the axis and the surface of the shaft after 
cetera 

b6¢ 


657 
O60 


630 


Yr r 
25 
Fig. 2-5. Solution to problems’ 2-6 and 2-7 


the expiration of 20 and 40 min since the shaft has been 
placed into the furnace. 

Answer 
with + = 20 min: t,, = 656 °C, t,., = 620°C; with + = 
= 40 min: 42,, = 763°C, ti, = 755°C. 


4-7. Under the conditions of problem 2-5 determine the 
temperature at a distance r = 0.57, from the shaft axis 
through the expiration of time t = 20 min after the begin- 
ning of heating. 

Calculate the temperatures at the surface and axis of the 
shaft after the expiration of the same interval of time and 
compare calculation results with the answer to problem 2-6. 

Answer 


tp=0 = 621°C, £.=0.5ro =: 630 a tr=r9 = §56°C. 


The distribution of temperature in the shaft cross section 
is shown graphically in Fig. 2-5 (rt = 20 min). 
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Solution 

The dimensionless temperature of a long cylinder b:o.ng 
heated (or cooled) in constant temperature surroundings is 
expressed by the following equation 


= ue 2/4 (En) — : 
O= 2 a Deend tite 10 (8 ay) HPC en Fo), (2-2) 


where J,(e,) and J, (e,) are respectively first-kind Bessel 
functions of the zero and first orders. 
Since in the case considered the dimensionless term 


8 
Fo = FE = 2:04 > 0. 25, 


we may use only the first term of the series; then 
9=NoJ > (e, =) exp (—e? Fo) 


and the dimensionless temperature at the cylinder axis is 
O,-9 = No exp (—8;Fo), 

and the dimensionless surface temperature of the cylinder 
8..,,= Py exp (—e{Fo). 


The values of N,, P,, ©, and e* are given in Table 2-2 
as a function of the dimensionless term Bi. 

In the case considered, with Bi = 0.4, we find from the 
table: Ny = 1.093, P, = 0.903, e, = 0.8546, e, = 0.726. 
Hence, with Fo = 2. 04 


Orno.srq= 1-093, ( S218 ) exp (—0.726 x 2.04) = 
= 1.093 x - 48 x 0.2276 = 0.238; 
tr0.5rp = ty — Or0.5rq (ty — ty) == 820 — 0.238 x 800 = 630°C; 
@,— = 1.093 x 0.2276 = 0.2485: 
trp = 820— 0.2485 x 800 = 624 °C; 
@ xr, = 0.903 x 0.2276 = 0.205: 
ter) = 820— 0.205 x 800 = 656°C, 


59 


Table 2-2 


Calculation Coefficients for a Cooled (Hetted) Cylinder with a Radius rp [24] ** 
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2-8. A parallelepiped-shaped steel ingot, measuring 200 x 
x 400 x 500 mm (Fig. 2-6), with an initial temperature 
t, = 20 br is placed into a furnace with a temperature t, == 
= 1400 °C. 

Determine the temperature ¢, at the centre of the ingot 
in a time interval + = 1.5 h after the ingot was charged 
into the furnace. 


Fig. 2-6. Solution to problem 2-8 


- The thermal conductivity and the thermal diffusivity of 
Steel are respectively 4. = 37.2 W/m-°C and a = 6.94 x 
xX 10-* m?/s, and the local coefficient of heat transfer at the 
surface of the ingot a = 186 W/m!®.°C. | 


Answer | 
t. = 1282 °C, 

Solution ‘ : 

The dimensionless temperature at. any point in a paral- 
lelapiped is equal to the product of the dimensionless, tem- 
peratures of sinfinite plates which are mutually per- 
pendicular and form the parallelepiped upon intersection. 
. Hence, the témperatnre at the centre of the parallelepiped 
can be found from the equation | 

* typ—te ty — Feng ty—tyoo ty teen 
. ty—t ty—to ty—to tz—~ by 

The temperatures of the plates t,~5, tyao, tog can be 
found from the graph on which the temperature at the centre 
of an infinite plate is plotted as a function of the dimension- 
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less terms Bi and Fo (Fig. 2-1). For a plate of thickness 
26. = 200 mm we have: 


6 
fo. 6.94 X 10° X 9400 9 95 


2 0.12 
; a6, 18601 _ 
Bi, = ny =e = 8.5. 


From the graph we find that with Fo, = 3.75 and Bi, = 
9 


By analogy, for a plate of thickness. 25, = 400 mm we 


have: 
Fo, = 0.937; Bi, = 1.0. 
From the graph we find that . 
ty —ty==0 
t4— fo 
For a plate of thickness 26, = 500 mm 
Fo, = 0.6; Bi, = 1.25 


== 0,57. 


and 
ea t-=0 
re = 0.68, 
Consequently, 
— = 0,22 x 0.57 x 0.68 = 0.0852 


and the temperature at the centre of the ingot 
t, = t; —0.0852 (t; — t,) = 
= 1400 — 0.0852 (1400 — 200)= 1282°C. 
2-9. An ingot is being heated under conditions considered 
in problem 2-8. Determine the temperature at the centre of 


the ingot sides, measuring 200 x 400 and 200 x 500 mm. 
Answer 


te=0; yad; res, = 1331 °C; 


Ch. Two. Transient Conduction 71 


2-10. A cylindrical steel ingot with a diameter d = 80 mm 
and length 1=160 mm (Fig. 2-7) was first heated uniformly 
to a temperature ¢, = 800 °C. The billet is then cooled in 
the open air which is at a temperature ¢; = 30 °C. 


Fig. 2-7. Solution to problem 2-10 


Determine the temperature at the centre of the ingot 
typ. r=p, and at the centre of its side t,—»-x<1/2 in a time in- 
terval t = 30 min after cooling is initiated. 

The thermal conductivity and thermal diffusivity of steel 
are respectively A = 23.3 W/m-°C and a = 6.11 x 
xX 10-§ m?/s. 

The local coefficient of heat transfer froin the surface of 
the billet to the cooling air a@=118 W/m?.°C. 

Answer 


bre: x=0 = D0 °C; t=: x= 1/2 a0 °C. 


2-11. Under the conditions for cooling a steel billet as- 
sumed in problem 2-10 determine the temperature at the cen- 
tre of the billet and at the middle of its side surface, if the 
dimensions of the billet are doubled, i.e., d= 160 mim and 
a mm, all other conditions remaining as in problem 
2-10. 


Answer 
t=: x= fy 214 “GC: t-—n: x=1/2 == 453 "C. 


2-12. A long rectangular steel beam, measuring 400 x 
< 320 mm in cross section, is placed at a temperature t, = 
== 1000°C into surroundings at a temperature ¢; = 20°C 
for the purpose of cooling. 

The thermal conductivity of steel 4 = 32 W/m-°C and 
thermal] diffusivity a = 7 x 10-® m*/s; the local coefficient 
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of heat transfer from the surface of the beam to surroundings 
remains constant throughout the process of cooling and is 
equal to 170 W/m?-°C. 

Iculate the temperature at the axis of the beam for 


a . time interval + = 1, 2, 3 and 4h after cooling is initiated. 
Answer 


8, = 0.403; 6, = 0.130; O, = 0.0424; 


t, = 415°C; ¢t, = 148°C; t, = 62°C; 
= 23°C. 


2-13. A steel plate of thickness 25 = 400 mm is heated 
in a furnace inside which a constant temperature t, = 
== 800°C is "maintained. When placed into the furnace the 
plate had a uniform temperature t, = 30°C. The local coof- 
ficient of heat transfer to the surfate of the heated plate 
remains constant and equal to a = 200 W/m!-°C. The two 
other dimensions of the plate, width and length, are large 
compared with its thickness and the temperature field of 
the plate can be considered as unidimensional. 

Determine the amount of heat transferred to 4 m? of the 
plate in 2 hours after heating is initiated. The thermal con- 
ductivity of steel A = 37.2 W/m-°C and the thermal diffusiv- 
itya =7 X 10-* m/s; the density of steel p = 7800 kg/m’. 

ar ; ~ 


= 0.098; Q =1470-x 10° kJ/m!*. 


Solution 

The calculation of the amount of heat rejected from (or 
transferred to) the plate in the course of cooling (heating) 
during a time interval ranging from t = 0 to tf practically 
resolves into the finding the mean dimensional temperature 
at the moment of time 1, i.e. it can be calculated by the 
formula 


Q@=2@: (i — ay; * (2-3) 


where Q, is the total amount of heat. which can he rejected 
from or transferred to the plate during a time interval rang- 
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ing from +t = 0 to t == oo: ‘ 
Q, = 2fpe (tp — ty), J, (2-4) 


where {f is the area of one side of the plate. 
For a plate the mean dimensionless temperature at the mo-' 
ment of time t can be calculated from the formula 


— 2 sin® e 
O= DL aFenaine, cme, PC enFo) (25) 
ran j ; 

Substituting the corresponding values of the quantities 
given in formulating the problem into formula (2-4), we 
obtain: 

Q, = 0.4 x 7800 x 682 (800—30) =1630 x 10° kJ/m?, 
where 


1 37.2 ane 
C= oa = TOT x Hoe — O82 Fike °C. 


Calculate the dimensionless terms Fo and Bi: 
Fo = at 7 x 40-5 x 7200 = 4 96- 


i >) a 
_@ 200X022 
Bi = = a7 — = 1.075. 


The magnitude of the dimensionless term Fo > 0.3 and 
for calculations witb a sufficient accuracy we can use the 
first term of the sum (2-5). Using the value of Bi, we find 
the value of e, from Table 2-1. Substituting this value of e, 
into formula (2-5), we find: 


6 = 0.098. 


Substituting the catculated values of Q, and 8 into equa- 
tion (2-3), we find that" — = 


| ce 
Q@ = 1630 x 10° (4 — 0.098) = 1470 x 10° kJ/m?. 


2-14. A steel cylinder with a diameter d = 500 mm is 
cooled in a medium which is at a constant temperature t, = 
# 15°C. At the initial moment of time the temperature of 
the cylinder was the same at all points and equal to t, = 
= 400°C. The local coefficient of heat transfer from all 
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points on the surface of the cylinder in the process of cool- 
ing remained constant and equal to 160 W/m?.°C. 


, The thermal conductivity, thermal diffusivity and density 
of steel are respectively: 


A= 49 W/m-°C: a = 1.4 x 10-5 m/s; 9 = 7850 kg/m’. 


Determine the amount of heat transferred from length of 


1 m of the cylinder to surroundings in three hours after 
cooling is initiated. 


Answer 


\ Q = 297 x 10° kJ/m. 


2-145. A rectangular billet, or slab, measuring 480 x 
<x 360 x 280 mm in size, is heated in a furnace at a con- 
stant temperature t;=800°C. Before the beginning of heat- 
ing all points of the billet were at the same temperature 
t, = 20°C. The local coefficient of heat transfer from sur- 
roundings to the sides of the billet remains constant through- 
out the process of heating and equal to 200 W/m?.-°C. 

The thermal conductivity, thermal diffusivity and density 
of stecl are respectively: A -= 37.2 Wim-°C; a=7 X 
«x 10-§ m2/s: 9 = 7800 ke/m?. 

Determine the amount of heat transferred to the billet 


in 2.5 hours after heating is initiated. 
Answer 


Q = 189 x 10° kJ. 


2-16. A cvlindrical steel] billet of a diameter d = 620 mm 
and length ? = 700 mm is cooled in surroundings with a 
constant temperature t, = 20°C. Before the beginning of 
cooling the temperature of the billet was ¢, = 600°C. The 
local coefficient of heat transfer from the surface of the billet 
to surroundings remains constant in the course of cooling 
and equal to 160 W/m?-°C. 

The thermal conductivity, thermal diffusivity and density 
of steel are respectively: A = 4.9 W/m-C, a = 1.4 X 
x 10-§ m?/s, p = 7850 kg/m’. 

Determine the amount of heat transferred from the billet 


to surroundings in 2.8 hours after cooling is initiated. 
Answer 


O = 426 x 1° kd. 
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2-17. Both surfaces of a brick wall of thickness 25 = 
= 500 mm are exposed to surroundings at a constant tem- 
perature 18°C. The thermal conductivity, thermal diffusiv- 
ity and density of the material are respectively: 4 = 
= 0.7 W/m-°C, a = 0.647 x 107% m?/s, 90 = 1700 kg/m'. 

How will the temperature change on the surface and at 
the middle of the brick wall in 1 h, if the temperature of 
surroundings drops suddenly to 8°C? The coefficient of heat 
transfer from the surface of the brick wall to surroundings 
remains constant and equal to a = 7 W/m?-°C. 

Note. Under the conditions of the problem the dimen- 
sionless term Fo < 0.3, therefore, to find the temperature, 
we should not confine ourselves to the first term of the series 
and have to calculate not less than three terms of the sum. 
(The values of the roots of equation 2-1 can be found in [24].) 

Answer 

The surface temperature of the brick wall t,--, = 14.3 °C, 
The temperature at the middle of the brick wall t,_, = 
=418 °C, hence, in a time interval 


of 1 h the temperature disturbance 

will practically fail to reach the 

middle of the wall. tf G 
2-18. In an experimental plant, 

used t> ‘etermine the thermal dif- = 

fasivity «f solids by the method of —ft—— fh} — ae 

the regular regime. the material [{-f-— = 


calor’mcter of adiameterd=50mm_ {[-—¥>>! 
and length ! = 75 mm. Upon prelim- 44 
narv heat’ng the calorimeter is he (7 
cooled n a watcr thermostat (Fig 
2-8: in which the water temperature 
ty 13m intained constant and equal Fig. 2-8. Solution to or-b- 
to 20°C. lem 2-18 
Caleu ate the thermal diffusivity 
of he ma erial tested, if in the process of cooling, after 
the regu! regime sets in, the temperature of the specimen 
at t e spo where the thermocouple is introduced decreasec 
from ¢, = 30°C to t,= 22°C ‘n a time interval At =7 mun, 
Answe. 


tested is placed into a cvlindrical | TV 


= 347 x 10-7 m?/s, 
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2-19. In an experimental plant, used to determine the 
thermal conductivity of solids by the method of the regular 
regime, the material tested is placed into a spherical calorim- 
eter with a radius r, = 30 mm. Upon preliminary heating 
the calorimeter is cooled in an air thermostat in which the 
temperature t; is maintained constant and equal to 20°C, 

Preliminary investigations have made it possible to find 
that the local coefficient‘nf heat transfer from the surface 

\of the calorimeter so tle surrounding air a = 7 W/m*-°C 
and the thermal diffusivity a = 3.47 x 10°? m/s (see 
problem 2-18). ~~ 

Calculate the thermal conductivity of the material tested, 
if in the process ef cooling, after the regular regime sets 
in, the temperature at the centre of the calorimeter dropped 
from t, = 27°C to 2, = 24°C in a time interval At = 
= 15 min. » 

Answer. 

_ W=0.35 W/m-*C. 


2-20. Determine the rate of cooling of a solid which at 
the moment of time t = 0 had a uniform temperature t, = 
== 210°C. For the purpose of cooling the solid was placed 
into surroundings at a constant temperature ¢t; = 195 °C. 
The results of measuring the excess temperature of the body 
at different moments of time after cooling is initiated, ex- 
pressed in galvanometer scale divisions, are given below: 


T min ..... 0 0.5 {.0 1.5 2.0 2.5 3.0 
Number of divi- 

sions ..... 300 300 281 262 245 230 244 
T, MID « « « «~~ 3.5 40 45 50 55 60 65 7.0 
Number of divi- 

sions ..... 200 187 175 165 4155 145 131.5 129 
Answer 


m = 2.2 X 107? 1/s. 


2-21. Determine the local coefficient of heat transfer by 
free convection from the surface of a sphere to the air. The 
steel sphere is d = 60 mm in diameter and during the period 
of regular“cooling the rate of cooling of the sphere m = 
== 16.7 x 10-6 1/s. Assume a factor of non-uniform tempera- 
ture distribution » = 4, 
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The density and heat capacity of steel are assumed to be: 
o = 7900 kg/m’, c = 460 J/kg-°C. 

Check whether it is right to assume » = 1 in this case. 
Answer 


a = 6.06 W/m?.-°C. 


Chapter Three 


TREATMENT OF TEST DATA 
BY THE METHOD OF 
THE THEORY OF SIMILARITY 


3d-1. It is necessary to determine by experiment the dis- 
tribution of temperature in a long shaft d = 400 mm ina 
time interval t = 2.5 h after the shaft was charged into a 
furnace. 

The thermal conductivity and thermal] diffusivity of steel 
are respectively: 4 = 42 W/m-°C, a = 1.18 * 1075 m?%/s. 
In the furnace the local coefficient of heat transfer to the 
shaft is equal to a@ = 116 W/m?-°C. 

It is decided to conduct the investigation in a small fur- 
nace using for a test specimen a geometrically similar model 
of the shaft fabricated from alloyed steel. For the model 
Am = 16 W/m-°C; a, = 0.53 x 10°75 -m*s, ay = 
= 150 W/m?-°C. 

Determine the diameter d,, of the model and how soon 
after the model :s charged into the furnace it is necessary to 
measure the disiribution of temperature in the model. 

Answer 


dy, = 117.5 mm; Tp, = 1735 s. 
Solution 
The temperature fieids of tl:e shaft and its model will be 
similar whe t e dimensionless terms for the shaft and model 
will be the same: 


Bi», = Bi and Fo, = Fo. 
For the sh ft the dimensionless terms 


urs SMO X 0.2 oo 
By — Sh = A = 0.552; 
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From the condition Bi, = Bi we find the diameter for 
the shaft model 


d, = 2m = 22" Bi =2 D 0,552 =0.1175 m, 


From the condition Fo,, = Fo we find the unknown time 
interval: 


; (0.05875)? _ 
Ty = noe 0.53 210-5 2. 66 = 1735 Se 


3-2. Determine the diameter of the model of the shaft dm 
and the required value of the local heat-transfer coefficient 
Gm at which, under the conditions assumed in problem 3.1, 
the temperature fields shall become similar in time ty, = 10 
min after the model of the shaft is charged into the furnace. 

Also determine the relations of the linear dimensions, 
time and temperatures for the shaft and model, if it is known 
that at the moment of charging their temperatures and the 
temperature inside the furnace were respectively equal to: 


= 10°C, tom = 20°C, ty = 1000°C, ty, = 200°C. 
Answer 
d, = 85 mm; a, = 208 W/m?-°C; 
rir, = 4.7; Wt, =10; #t = 5.52, — 100. 


3-3. The orifice plate mounted on the superheated steam 
main having a diameter d= 400 mm must be calibrated, 
i.e. the problem is to find the dependence Ap = f[ (G), where 
Ap is the drop in static pressure across the orifice, Pa, 
and G—the rate of steam flow, kg/s. 

Since due to operating conditions 1t was impossible to 
calibrate the orifice directly on the steam pipeline, a scale 
model was constructed of 1/5 natural size. 

The model was tested with water flowing through the ori- 
fice at a tempera ure t;, = 20°C and values of the pressure 
drops across the orifice were obtained at different rates of 
water flow. The measurement results are given below: 


Ap Pa » 407 1178 4520 18 050 72 200 
G, kg/s .. 2.22 4.44 8.88 17.76 39.92 


80 Problems in Heat Transfer : 


Find the ie Ap = f (G) for the actual pipeline 
with steam flowing in jt in the self-similar region and indi- 
cate the limits for its application. The steam pressure p = 
= 98 kPa phe steam temperature ?t, = 

Answer | | 


“Ap = 22267 at Re > 1.42 x 10°. 


Solution 
«Let us tréat the test results, ex pressed in Sivensiontens 
— or criteria of similarity, and plot the dependence 

Eu =f (Re) Thia dependence will also be true for steam. 
Therefore, the dependence Eu = f (Re) tan be used to find 
the dependence Ap = f ©) for steam flowing in tha, actual 
pipeline. . 

To determine the Fenner pee Eu = f (Re)? calculate the 
values of dimensionless terms for the test d ath obtained in 
calibrating the orifice on a model. 

The Euler number 


Bon Abe. 


Taking into account that the velocity 


Un = sem : 
Pe Om, 
we obtain 


Apm { Pmidm \ 2 
—— Bm ( 4G, ; 
With t.m = 20°C- the density of water ¢,, = 998 kg/m’. 
Ym = 1 X 107% m?/s*. 
Substituting the known values we find that 


Bu = 998 (214X008)? bpm _ = 2.54 x 10-3SBe 
™ 


The Reynolds number 


~* Here and alae in wiving problems, the physical roperties 
of fluids and other needed reference materials can be taken from tab- 
les (see Appendices/ p. 356). 
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where 


d 0.4 
ee alan = (),08 m. 


Substituting the values of G,, and Apm, obtained when 
calibrating the orifice, we calculate the values of dimen- 
sionless terms. Caiculation results are given in the follow- 
ing table: 


AP». Pa Gi» ke/s W,,, m/s | Eu | Re 
477 2.44 35 400 
1178 1.905 70 800 
4 520 1.44 141 600 
13 050 1.44 283 200 
712 200 1.44 066 400 


Pa 


These data are used to plot the curve Eu = f (Re) shown 
in Fig. 3-1. 


Ferma 


ae as ee a 
kg Nina Aaitinas 


0% 2 3 &6 § 6 7x195 
Fig. 3-1. Solution tofproblem 3-3 


From the table and graph it is clear that at Re > 1.42 x 
x 10° the Euler number Eu=const= 1.44 (the self-sim- 
ilarity region). Consequently, when steam flows through 
the full-size pipeline at Re > 1.42 x 10° the Euler term 
Eu = 1,44. Let us make use of this. relationship to find the 
unknown relation. For the full-size pipe'ine, in the event of 


 @~0245 
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steam flow, 


Ap _ Eupu* — — ue = sy ur = (2).587u2, 
wh re a! p = 98 kPa and t; = 250°C the specific volume 
vy = 2.452 m?/kg. 

Replacing velocity with the rate of flow 


ea 
Ue Ba 
where G is the rate of flow, kg/s, we obtain: 
2.402 2 
Ap = 0.987 ( 0.785 X aa} 


whence 
Ap = 222G? at Re > 1.42 x 10°. 


3-4. With liquid in laminar flow in a straight round tube 
of constant cross-sectional area the drop in pressure, Pa, 
at a considerable distance i1om the tube inlet over section I 
long will be determined by the equation 

128 pVl 
Ap= 14 qa* > 


where » = dynamic viscosity, Pa-s; 
V = volumetric rate of flow, m/s; 
d = tube diameter, m. 
Represent this equation in the form of a dependence be- 
tween dimensionless terms and also in the form of the de- 
pendence for the friction factor: 


Ku = f (Re) and & = f, (Re), 


where 
_o Ap d 
b= 2 T- 
Answer 


_ 82 1... & 
hu=—Re a> '=-Be- 

3-9. The hot water flowing through a tube having a dia- 
meter d = 16 mm and length 1 = 2.4 m transfers heat 
through the wall of the tube to the medium to which the 
outside surface of the tube is exposed. 
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The rate of water flow through the tube G = 0.0091 kg/s; 
the water inlet temperature t,, = 87.2°C, the water outside 
temperature ¢;, = 29°C; the mean temperature of the wail 
of the tube ¢, = 15.3°C. 

Calculate the magnitudes of the dimensionless terms Nu, 
Re and Pe, assuming as the reference temperature the arith- 
metic mean temperature, of the water. Relate the heat- 
transfer coefficient to the arithmetic mean ditierence be- 
tween the temperatures of the water and wall. 

Answer 


Nu = 411.9; Re = 1485, Pe = 4600. 


3-6. Calculate the local heat-transfer coefficient and the 
Nusselt number for the conditions assumed in the problem 
3-5, reducing the local heat-transfer coefficient to the loga- 
rithmic mean difference between the temperatures of the 
water and wall. Compare the obtained values with the re- 
sults of the problem 3-9. 

Answer 


Qiog = 597 W/m?.°C: NuUiog = 14.5. 


3-7. Under the conditions assumed in the problem 3-5 cal- 
culate the Euler number and the friction resistance coeffi- 
cient, or friction factor, if the pressure drop across the tube 
Ap = 5.88 Pa. 

Answer 

Eu = 2.82; §& = 0.0434. 


3-8. A 1/8 scale model of a steam boiler was used to in- 
vestigate heat transfer by convection, using air as a working 
medium instead of flue gases. At different air velocities, the 
jollowing values of the heat-transfer coefficient were obtain- 
ed for the first pass of the 1/3 scale model: 


Wm M/S . .. aan. 2.0 344 465 88 
Om, Wim?-?C fw ee 504 68.6 90. 444 


The mean temperature of the air lowing through the boil- 
er t;.,= 20°C. The diameter of the tubes used in the model 
dm = 12.5 mm. When treating the test results, the local 
heat-transfer coefficient @,, was related to the arithmetic 
= difference between the temperatures of the air and tube 
Wall. 


6% 
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Based on_the data obtaizied in testing the model, find the 
calculation formula for heat transfer by convection in the 
ist boiler pass in the form of the dependence Nu = /(Re). 
’ Answer 

Nu = 0.15Re?-855, 

Solution —_si, 

Using the data obtained in testing the model, we seek the 
dependence for heat transfer in the form Nu = CRe”. 


The Nusselt number Nu,, = a vi and the Reynolds num- 


ber Re = “afr , where at ty. ,= 20°C the thermal conduc- 


tivity of air tye | 0. 7 W/m.-°C and kinematic viscosity 
‘m/s 


Vy = 15.06 x 


12 
3O 32 It 36 FT8g 40 42 
Fig. 3-2. Solution to problem 3-8 


Substituting the corresponding vahies into the expres- 
sions for the Nusselt and Reynolds numbers, we get:, 
a Nu, = 0.481a,,; Re,, = 830w,,. 


The results iat in calculating the dimensionless terms 
for corresponding values of a, and Wm, are tabulated below: 
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Using the data given in the table, we plot the dependence 
Nu,, = f(Re,,) in logarithmic coordinates (Fig. 3-2). The: 
slope of the curve in respect to the abscissa axis is used to 
determine the exponent n, then. the constant C = Nu,/Res, 
is found. The obtained calculation formula Nu = 0.15Re?-9*5 
is true within the limits 1600 < Re < 7300. 


3-9. Determine the amount of heat transferred from the 
gases to the walls of the tubes in the ist boiler pass (the 
results obtained in investigating this boiler pass on a model 
were given in problem 3-8), if the following data are known: 
the mean gas velocity w = 6 m/s; the flue gas temperature 
at the beginning and end of the ist pass t,, = 900°C and 
t;,= 700°C respectively; the tube wall temperature ¢,, = 
= 250°C; the heating surface of the pass F = 500 m’. 

As the reference temperaturé assume the arithmetic mean 
temperature ft; = 0.5 (ty + ty3). The composition of the 
flue _ is as follows: poco, = 0.13, Pui = 0.11, py, = 


wri 
Pee 


Answer 


a = 44.4 W/m®-°C; QG = 12.2 «x 10° kW. 

3-10. An experimental outfit was used to determine heat 
transfer for a single cylinder in cross flow of air. The tests 
enabled to obtain the values of the local heat-transfer 
coefficients a, and ag, W/m!*-°C, for two cylinders of dia- 
meters d, = 10 mm and d, = 20 mm respectively at constant 
temperature ¢;= 20 °G and different velocities of the main- 
stream flow, w, m/s. The test data are tabulated below: 


w, m/s | 2. 5.0 | 10 29 
a4, Wim2.°C 39.5 71.2 106.5 165.3 
a, W/m?.°C 31.2 55.6 83.4 128 


Find the dependence between the dimensionless terms fr 
the process of heat transfer, Nu; = CRe?. Compare tre 
graphs a, = f,(w) gnd a, = f,(w). 

Answer — 

Nu, = 0.18Re%-°?. 
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A comparison of the graphs shows that at the same velocity 
the local heat-transfer coefficients differ from each other 
by about 30 per cent. When treated in the dimensionless 
terms, the dependence Nu = f(Re) happens to be unambig- 
uous for the two cylinders. 


3-11. Under the conditions of free convection the heat 
losses from the surface of horizontal] steam pipelines were 
investigated on a laboratory outfit, where measurements were 
taken on a horizontal tube of a diameter d = 30 mm. 

The tests were conducted with different tube wall tempera- 
tures; the following values for the local heat-transfer coeffi- 
cient were obtained: 


a, W/m?-°C . . . 41.75 {2.34 {2.87 43.34 13.79 
CG: % a ek 210 290 290 330 370 


At a distance from the tube the ambient air temperature 
f- remained constant and equal to 30°C. 

Using the obtained experimental data on the local heat- 
transfer coefficients, find the generalized calculation relation- 
ship for heat transfer by free convection. Taking into 
account the fact that for air the dimensionless term Pr 
remains practically constant in a wide range of temperatures, 
try to derive a relationship of the kind Nu = f(Gr). 

When treating the test data, use as a reference temperature 
the temperature of air at a distance from the tube. 

” *Answer 


Nu = 0.47Gr®.25 at 6 x 10°< Gr< 1.2 x 108, 


Chapter Four 


HEAT TRANSFER 
FOR A PLATE IN FORCED 
LONGITUDINAL FLOW 


4-1. A thin plate of length J, =2 m and width a=1.5m 
is exposed to a flow of air parallel to its surface (Fig. 4-1). 
The velocity and temperature of the free-stream flow of air 
are respectively w, = 3 m/s and tf, = 20°C. The temperature 
at the surface of the plate ¢t,, = 90°C. 


Wy 
———— Cw 
Hil =a Spammers MR 
ee la 
lo 


Fig.'"4-1. Solution to problem 4-1 


Determine the lengthwise mean local coefficient of heat 


transfer from the plate to the air and the amount of heat 
transferred. 


Answer 
a = 4.87 W/m?-°C; QO = £050 W. 
Solution | 
For the air at a temperature ¢, = 20°C v =15.06 x 
x 10-§ m*s) A = 2.59 » 10-2 Wm-°C, Pr = 0.703. The 


Reynolds number 


cons. quently ‘n the boundary layer the pattern of flow is 
lam.na Under these conditions the lengthwise mean local 


 ™ Fr practical alculation the c-itical Reynolds namber, Re,,, 
is ften assumed equal to 1 x 105. 
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coefficient of heat transfer from the plate to the air can be 
calculated from formula [4] 


Nu = 0.67 Re!/*Pr!/8, (4-4) 
where 
Nu=72; Rea Zoo 
A’ vy ° 
and the physical properties are selected for the temperature 
of the free-stream flow, f,. 
In the case considered 


Nu = 0.67(3.98 x 4105)!/9(0.703)1/3 = 375 


and the local heat-transfer coefficient 


a= Nut = 375 258 x 0" = 4.87 W/m2.°C, 
0 

The amount of heat transferred from the both sides of 
the plate 


Q = alt,, — t.)F = 4.87 (90—20) x2 x 2 « 1.5 =2050 W. 


4-2. For the conditions of problem 4-1 calculate the 
thickness of the hydrodynamic boundary layer and the 
values of the local heat-transfer coefficients at various dis- 
tances from the front edge of the plate: x = 0.41,, 0.21), 
and 1.01,. Plot the graph showing the dependdéhce of the 
thickness of the hydrodynamic boundary layer 6, and local 
heat-transfer coefficient on the relative distance 2/]. 

Answer 


x/lo 0.4 0.2 0.5 1.0 

§,;, mm 4.66 6.58 10.4 14.7 

Ax, W/m2.°C 7.43 5.65 3.45 2.44 
Solution 


In accordance with the conditions of problem 4-1, the 
transfer of heat takes place in the laminar boundary layer. 
The thickness of the laminar boundary layer and the local 
heat-transfer coefficient at a distance z from the front edge 
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ot the plate are determined frqm formula [4, 121: 
' ‘4.642 
'§= - (42 
t= “Wiles — 


Nu, = 0.335Rel/*Pri, (43) 


and 
where 


Nu, = 7 


» At‘a distance from the front edge x = 0.1 2, 


(04h) " —3X0.2 7 
Re, = ———— = 15.06 x 404 3.98 « 104; 


— 4:40.20 3 nn. 
8, Ex Sam 4.66 x 10-3 m; 


Nu, = 0.335 (3.98 x 10*)'”? (0.703) /* =59.5 
a, = Nu, ~ = 59,5 2X" 7.73 Wymt.°C, 


Pe 


In a similar way, we can calculate the unknown quantities 
for other values of the relative distance z/l). The calculation 


"ETT Tt ty 
ATT TE | te 
SNee ee ae 


4 
0 vat _ _“ 
Fig. 4-2. Solution to — 4-2 


results are compiled in the table given in “the answer to the 
problem, and are presented graphically in Fig. 
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4-3. A thin plate of length 2, = 125 mm is placed in 
a longitudinal flow of fluid. The temperature of the free- 
stream flow t, = 20°C. 

Calculate the critical length z.,; the max!mum thicknes: 
of the laminar boundary layer 6; .,; the val-es of the local 
heat-transfer coefficients, and the thickness of the laminar 
boundary layer at distances x = 0. {1,, 0.2:.. 0.52,, and 
1.02, from the front edge of the plate. 

Calculations should be carried out for two cases: 

(a) the plate is exposed to air with a free-stream flow veloc- 
ity w, = 10 m/s; 

(b) the plate is exposed to a longitudinal water flow with 
Ww, = 2m/s. 

‘haa & critical Reynolds number Re, .. = 5 x 40°. 

Answer 

When exposed to airlflow z,, = 0.75 m, 6;.., = 4.9% mm; 
when exposed to water flow z,, = 0.25 m, 6; .- = 1.65 mm. 


z/lq 0 f 0.2 O.> i 0 


Ax, Wim4-°C: 
air 56.4 39.9 25.4 {7.8 
water 4820 3420 2150 1520 
8), mm: 
air 0.635 0.895 41.42 2.0 


water 0.366 0.5416 0.822 1.1° 


4-4, Under the conditions of problem 4-3 calculate the 
values of the mean local heat-transfer coefficient and of the 
rate of heat flow from length of 1 m of the plate, g;, for air 
and water, if the surface temperature of the plate t,,= 50°C. 

Answer 

When the plate is exposed to air flow a = 35.7 W/m?-°C, 
tas 279 W/m; in the event of water flow a = 3050 W/m?.-°C, 

=- 23 x 10* W/m. 


ks A thin constantan band, measuring 0.1 X 5 mm in 
cross section is heated by. electric current of intensity J = 
== 20 A. The specific resistance of the band R, = 1.0 Ohm/m. 

The band is exposed to water flow parallel to its surface. 
The velocity and temperature of the free-stream flow », = 
= 0.5 m/s, t, = 10°C. 
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Determine the temperature of the band at a distance of 
25 and 200 mm from its front edge. 

Answer 

At zr = 25 mm ¢,, = 35.2°C; 

at xz = 200 mm ?,, = 81.6°C. 


4-6. A flat plate of length [= 1 m is exposed to air flow 
parallel to its surface. The velocity and temperature of the 
free-stream air flow w, = 80 m/s and t,= 10°C. A turbuliz- 
ing grid is placed upstream of the plate, resulting in that 
the fluid is in turbulent flow in the boundary layer over the 
whole length of the plzte. 

Calculate the mean locai coefficient of heat transfer from 
the surface of the plate and the value of the local heat-trans- 
fer coefficient on the back edge. Also calculate the hydrody- 
namic boundary layer on the back edge of the plate. 

Answer 

Tho mean local heat-transfer coefficient « = 202 W/m?-°C. 
The local heat-transfer coefficient at a distance xz = I, 
Oo = 157.5 W/m!*-°C; the thickness of the hydrodynamic 
boundary layer at zr = J, 6; = 16.5 mm. 

Solution 

With a temperature of the free-stream flow t, = 10°C the 
physical properties of air are: v = 14.46 x 10-® m/s, 
A=251 x 10-? W/m-C. 

The Reynolds number 

Wolo 80 «1.0 
el ee 
The pattern of flow in the boundary layer on the plate is 
turbulent. 
With the plate exposed to air flow the mean heat-transfer 


coefficient for the turbulent boundary layer can be calcu- 
lated from the following formula [17]: 


Nu = 0.032Re°:8, (4-4) 


Substituting the obtained value of the Reynolds number 
into formula 4-4, we get: 


Nu = 0.032(5.65 x 410°)°§ = 8050 and 


a= Nu a= 8050 Sant RAE 902 W/m?-°C. 


5.65 x 10®>5 x 105, 
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For a plate in a longitudinal air flow with a turbulent 
boundary ayer the local heat-transfer coefficient can be 
caleulated -from the following formula [17]: 


Nu, = 0.0255Re!-8; (45) 


“where Na, = @,2/A and Re, = woz/v. 
_ The value of the local coefficient of heat transfer on the 
“bask edge of the plate can be found, assuming z-= ),< 
then Re, = 5.65 x 10°, Nu, = 0.255(5.65 « 10%)9-8 = 
= §280 and 
r 


Oral, = NU sig 7 == §280 tx 1 = 157.9 W/m?.°C, 


The local thickness of the turbulent hydrodynamic bounda- 
ry layer can be calculated from the formula [27): 


=. (4-6) 


Substituting the values of the known quantities, we ob- 
tain at z = L,: 


5, 0.37 x 1.0 
875-65 x 406 


4-7. Under the conditions of problem 4-6 calculate the 

_ thickness of the hydrodynamic boundary layer and the values 

” of the local heat-transfer coefficients at distances z = 0.41,, 
0.22,, 0.52,, and 0.81, from the front edge of the plate. Plot 

the graph showing the variation of the thickness of ¢the 

hydrodynamic boundary layer and of the local vz:.:es of the 

heat-transfer coefficients over the length of the ;.ate. 
Answer | 


Calculation results are represented graphically in Fig. 4-3 
and tabulated below: 


= (0.0165 m. 


z,m | 0.4: 0.2 0.5 0.8 
az, Wim2-°C | 256 219 185 165 
$:, mm 2.62 4.55 |° 9.49 13.83 
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Fig. 4-3. Solution tof problem 4-7 


4-8. A flat platel is exposed to air flow parallel to its 
surface. The velocity and temperature of the free-stream air 
flow are respectively w, = 6 m/s and t, = 20°C. 

Calculate the quantity of heat transferred from the plate 
to the air, if the surface temperature of the plate t,, = 80°C, . 
the length of the plate in the direction of flow / = 4 m, and 
the dimension of the plate across flow b = 0.9 m*. 


Answer 
Q=1.3 kW. 


4-9. A thin plate of length | = 0.2 m is exposed to 
a longitudinal air flow. The velocity and temperature of the 
free-stream flow respectively w,= 150 m/s. ant ty = 20°C. 

Determine the mean heat-transfer coefficient tind the rate 
of heat flow from the surface of the plate, if she surface 
temperature of the plate ¢,, = 50°C. Calculate, assuming the’ 
pattern of flow to be turbulent in the boundary layer over 
the entire length of the plate. 

Answer 


ww 


a = 454 W/m?-°C; gq = 9080 W/m’. 


* Here and below (Chapters 4 through 7) Yfitrmal radiation beat 
transfer is ignored. 


* 6 
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Solution 
At the temperature of the free-stream flow t, = 20°C the 
physical properties of air are: 
v=15.06 x 10-® m?/s; A=2.59x107? W/m.-°C; 


Cy = 1.0 kJ/kg-°C. 
The Reynolds number 


wok 1500.2 
Re = #2 = TS 06 xc 40-8 = 1499 x 10°. 


The Mach number 


where the velocity of the sound in air 
a= 24VT, = 20.1°/293 = 344 mis. 


The formula (4-4) is valid for calculating heat transfer 
from a plate exposed to air flow at a high subsonic velocity 
at 10°’< Re< 2 X 10° and 0.25< M< 0.8, provided the 
heat-transier coefficient is related to the difference between 
the —- of the wall and adiabatic wall temperature 
ta.w {7 ° 


where the recovery factor for a ne in a longitudinal flow 
_ » oY Bs boundary turbulent layer can be assumed equal to 
Pr. 


"Fer air at tj = 20°C r= °/ 0703 = 0.89. 
In the case considered 


Nu = 0.0382Re®-? = 0.032(4.99 x 10*)°-8 = 3500 
and 


a=Nu * = 3500 tS ie = 454 W/m?.°C, 


The adiabatic wall temperature 
te w= 2040.89 _ _ 30°C 
and the rate of heat flow 
q = A(ty—te. ») = 494(50—30) = 9080 W/m’. 


~. 
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4-10. Calculate the mean local heat-transfer coefficient 
and the amount of heat transferred from the surface of the 
plate placed in a longitudinal air flow parallel to its surface. 

The velocity and temperature of the free-stream flow are 
respectively: w, = 200 mvs and t, = 30°C. The surface 
temperature of the plate t,, = 90°C. The plate is 120 mm 
long (2) and 200 mm wide (0). 

Solve the problem assuming the boundary layer to be 
turbulent over the entire length of the plate. 

Answer 


a = 640 W/m?.°C; Q = 1.3 kW. 


Chapter Five 


HEAT TRANSFER 

AND HYDRAULIC 
RESISTANCE WITH FORCED 
FLOW OF FLUID IN TUBES 


5-1. Calculate the mean heat-transfer coefficient for 
transformer oil flowing in a tube with a diameter d = 8 mm 
and length ? = 1 m, if the lengthwise mean oil temperature 


Fig. 5-1. Solution to problem 5-1 


4 = 80°C; the mean temperature of the wall of the tube t,, = 
== 20°C, and woe velocity of the oil w = 0.6 m/s (Fig. 5-1). 
Answer 
4 a@ = 138 W/m’?.-°C, 


“gol 
ry alia the pattern of oil flow, we calculate the 
a of the Reynolds number. 
Ath C the Binematic viscosity of oil v; = 3.66 x 
oX 10 m"/s and the Reynolds number 
Re,= loin 0.6« 8x 10-3 
t v} 3.66 x 10-5 
Inasmuch as Rey < 2300 the pattern of flow is laminar. 
‘In ordes to determine the effect of free convection on heat 
transfer, we must calculate the value of the product (GrPr)a, 
where as the reference temperature is used 


° ala = 9-5(ty +°tw), and ty = 0.5(és, + bya). 


= 1310. 
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In the case considered 
= 0.5(80 + 20) = 50°C. 
At this temperature 
va = 7.58 x 10° ms; B,= 7.05 x 10* K-'; Pry, =111 
bw 
and (GrPr), = gPn bea Pry= 


= 9.81 x 7.05 x 10-+ ERAT 144 = 36 x 108, 
Since (GrPr), < 8 xX 10°, the free convection does not 


affect materially the intensity of heat anlar and the pat- 
tern of flow is viscous. 


With fluid in viscous flow in tubes at a soaadiniaal wall tem- 


perature (¢,, = const) the mean rate of heat transfer cgn be 
calculated from formula [45]: 
cs 1/3 "py 0.94, 
Nua, = 1.99 (Pen) (—-} e, (d-1), 
where 
_. 24 , d _ *6¢pnr | a a 
Nu) Pape a SS aR 


the subscripts “w” and “h” indicate that the’physical proper- 
ties of the fluid (gas or liquid) are selected #es respectively at the 
wall temperature ?,, and temperature t, = 0.5(t, + t,,); 


0=0.6 (-e oy (142.5 =) _ 


is the correction for the section of hydrodynamée*stabiliza- 
tion. This correction is introduced when there is no seetion of 


hydrodynamic stabilization in front of the heated section of 
the tube and 


‘= 5 <0. 
Formula (5-1) is valid at Re; < 2300; 
Fer FS. 05; (GrPr)n<8 x 105; 007K te < 500 *. 
-* The correction for the effect of variable seal tha Sul ti 


formula (5-1), (p,/p,,)°-"4, is not valid for gases. 
7—0246 


* 
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In the case considered t,= 80°C, t, = 20°C, and th = 


zm 50°C. 
The physical properties of oil: 
0, = 844 kg/m*®; «,=— 30.8 x 104 Pa-s; A, = 0.108 W/m-°C: 


Co, = 1.846 «J/kg °C; p, = 198.2 » 10-* Pa-s. 


The rate of oil flow 
G == pyw SE = 844 x 0.6 EEX OO 2 53 x 108 keys. 


The Peclet number at the reference temperature 


Ch x2 “2 4, ~ 108 
d 4G PE au x2 53 « 10 846 550: 


ra X< 0.05 and, consequently, formula (5-1) is applica- 
ble. 
The correction for the inilial hydrodynamic section 


{ f 4 4 
e = 0.6 (0.0955)-/7(4 + 2.5 x 0.0955) = 1.05. 


The Nusselt number at the reference temperature 


~ Nu, = 4.55 (55054 (5 \"" 4,05 = 10.2. 


The heat-transfer coefficient 


= An __ 0108 ° 
a = Nu, —+ = 10.2 Socios = 138 W/m? °C. 

9-2. Determine the temperature of oil at the tube inlet 
and outlet and the pressure drop along the tube under the 
conditions assumed in problem (5-4). 

Answer 


Solution 
The solution of problem (5-1) gives: 


@ = 138 W/m?-°C; ft, = 80°C; t, = 20°C; G = 2.53 x 
xX 107? kg/s. 
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The quantity of the heat transferred 
Q = a(t; — ty)ndl = 
= 438(80—20)3.14 x 8 x 10-* xk 1.0 = 207 W. 


At the temperature t, = 80°C the heat capacity of oil 
Cp, = 2.03 kI/kg-°C and the variation of oil temperature 
along the tube 


_ Q@ _ 207 _ 40 
fn ba = Gepp 2.53 X 10-2 K 2.03 x 108 ait 


and the arithmetic mean oil temperature ¢; = 0.5(t;, + ty,)= 
== 80°C, whence t,, = 82°C and ty, = 78°C. 

With liquid (fluid) in viscous non-isothermal flow in tubes 
the friction factor can be determined from the following 
formula [19]: 


e=t,(E2)", (5-2) 


where &, is the friction factor for isotherma! flow, 
_ 64 : __ @\m bw — 0.062 — 
t= Re n=C ( Pe, i a) ) 
with Pe d/l < 1500C = 2.3, m = — 0.3; 
with Pe,d/l > 1500C = 0.535, m = 0.1. 

In the case considered the inlet temperature of oil t,, = 
=82°C and at this temperature the heat capacity of oil cp, = 
= 2.04 kJ/kg-°C; dy = 0.105 Wim-°C; py, = 29.7 Pa-s. 
From the solution of problem (5-1) we have: Re; = 1310 
and ut. = 198.2 Pa-s, Pp; = 844 kg/m*, w = 0.6 m/s. Then 


Po, 2. m= AG. Spf _ 4x 2.53x 10% 2.04108 __ por 
Ct at ody COE XT OO OS 


since Pe, —< 1500, then C = 2.3 and m = — 0.3, The 
exponent n in formula (5-2) 


a ~0.3 { 198.2 \~0.062 
n = 2.3 (625) (57 = 0.3. 
The friction factor 
64 w \"_ GA 7 198.2 \0.3 
b= te (4) "=a (ap) = 0.0865. 
qs 
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The drop in oil pressure across the tube 


pro | 8440.62 1 

9-3. How will the mean heat-transfer coefficient deter- 
mined for the conditions assumed in problem 5-1 change, if the 
tube is made shorter five times (l/d = 25, instead of W/d = 
= 125), with all other conditions of the problem remaining 
unchanged? Compare calculation results with the answer to 
problem 5-14. 

Answer 

a’ = 262 W/m*-°C. The lengthwise mean heat-transfer 
coefficient will increase 1.9 times. 


5-4. Determine the hydraulic resistance offered to oil 
flow, or the pressure drop, assuming the conditions given in 
problem 5.3. Compare the answer with the calculation result 
for problem 5-2. 

Answer 

Ap’ = 276 Pa. The resistance to flow will diminish 5.8 
times. | 


9-9. With fluid in viscous flow in the tube how will change 
the local heat-transfer coefficient, if fluid velocity rises 2 
and 4 times, while the diameter of the tube, mean fluid tem- 
perature and wall temperature remain unchanged. 

The variation in the correction for the stabilization sec- 
tion e should be ignored. 

- Answer 

The heat-transfer coefficient will increase respectively 

21/3 ~ 1.26 and 41/8 ~ 1.59 times. 


5-6. With fluid in viscous flow in the tube how will 
change the Nusselt number and the heat-transfer coefficient, 
if the diameter of the tube is increased 2 and 4 times main- 
taining constant the mean temperature of the fluid and tube 
wall temperature: (a) at a constant fluid velocity and (b) 
at a constant rate of fluid flow? 

The variation in the correction for the stabilization sec- 
tion e¢ should be ignored. 

Answer 

(a) At a constant velocity the Nusselt number Nu, will 
increase respectively 2** ~ 1.59 and 45/* ~ 2.52 times. 
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The coefficient of heat transfer from the fluid to the wall of 
the tube will diminish respectively 1.26 and 1.59 times. 

(b) At a constant rate of fluid flow the Nu, number is 
independent of the tube diameter. The heat-transfer coeff 
cient will decrease respectively 2 and 4 times. 


5-7. Water flows along a tube of diameter d = 6 mm with 
a velocity w = 0.4 m/s. The temperature of the tube wall 
t., = 50°C. What should the length of the tube be to ensure 
a water outlet temperature ¢;,— 20°C at a water inlet tem- 
perature 7,,, = 10°C? 

Answer 

t = 0.76 m. 
Solution 
The lengthwise mean temperature. of water 


, ty = 0.5 (ty, + tes) = 0.5 (10 + 20) = 15°C 


the kinematic viscosity of water v; = 1.16 x 10* m*/s 
and the Reynolds number 


wd 0.4K 6BxK105 
Rey = - = Tex foe = 2060. 
The pattern of water flow is laminar. At a reference tem- 
perature 


th = 0.5 (t, + t,) = 0.5(15 + 50) = 32.5°C; 


vn = 0.769 x 10-° m/s; B, = 3.37 X 10+ K-t: 
tT, = 5.14; 


tip —t,) dB 
(GrPr), = gh, hii Pr; = 9.81 x 3.37 x 


3 
Vh 


~, (50— 15) (6 x 10-3)8 
x 10 “T0769 x 10-92 14 = 2.17 x 105° <8 x 105. 


Consequently, the water is in viscous flow and to determine 
the local coefficient of heat transfer let us use formula (5-1). 
Since the relative length of the tube is not known, the prob- 
“pe must be solved by the method of successive approxima- 

ions. 

Let us assume a relative length of the tube J/d = 100 and, 
consequently, 1 = 100 x 6 x 107? =0.6 m. 

The physical properties of water are as follows: 

at ty, = 15°C py = 1155 x 10 Pa-s, 9, = 999 kg/m’; 
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at ty= 32.5°C A, = 0.631 W/m-C, ¢),4.174 kJ kg: °C; at 
» = 90°C wy = 549.4 K 10 Pass. 
Othe rate of water flow 


G = pw 3Z — 999 x 0,4 SAX IO" 0.0113 keys. 


The Peclet number at the reference temperature 
d 4G ph 4.0«0.0413 4174 
Pena in 3.40.8 Ot = = 159. 


The correction for the section of hydrodynamic stabilization 
2=0,6 (aes) (142.5 ny) - 
~¥ 
— 0.6 (sr) "(142.5 sus) © oz 1.04. 


The Nusselt number at the reference temperature 


Nuy = 1.55 (Pe, 4)" ( ot yr ex 


= 1,55 (159)? (fo x 1.04 =9.7. 


The heat-transfer coefficient 


a= Nu, = 9.7 er = 1020 W/m?.°C. 


The amount of heat transferred through the wall 
Q = Gep; (ty, — ty) = 0.0113 x 4487 x 10 = 473 W, 


where cp; is taken based on the mean temperature of the 


fluid t; = 15°C. On the other hand, the amount of heat trans- 
ferred. 


Q=a(ty — t,;) nal. - 
Thus, after the first approximation we find 
b= ar = Tom GOTT SAE KE NCIOS = 0-705 m 
For the second approximation we select | = 0.75 m, repeat 
the calculation and obtain: Pe, = = 183, e = 1.03, Nua = 
= 8.94, a = 940 W/m*-°C. After the second approximation 
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we get: 


473 
b= SKIKE KOK IF — O-785 mm. 


Sinca the assumed length of the tube coincides with a suf- 
ficient accuracy with the result obtained after the second 
approximation, there is no need in the third approximation, 
and we may assume a length of the tube ! = 0.76 m. 


5-8. Water flows with a velocity w = 0.2 m/s in a tube 
of diameter d = 4 mm and length / = 200 mm. The temper- 
ature of the tube wall ¢,, = 70°C. What will the tempera- 
ture at the tube outlet be, if water inlet temperature t,, = 
= 40°C? 

Answer, a 


= ty, = 27°C. 


5-9. Oil, of the MK grade, flows in a tube with a diameter 
ad = 10 mm. Oil temperature at the tube inlet t,, = 80°C; 
the rate of oil flow G = 120 kg/h. What should the length of 
the tube be, if it is desired that at a tube wall temperature 
t., = 30°C the temperature of oil at the tube outlet z,, be 
equal to 76°C? 

.Answer 


¢ = 1.66 m. 


9-10. Determine the preasure drop across a tube in which 
Gil flows under conditions assumed for problem 5-9. Compare 
‘the calculated pressure drop with that, taking placa when oil ~ 
.is in isothermal flow at the same tube éniet temperature. 

Answer ae 

The pressure drop acrass the tube Ap = 2.55 & 410 Pa. 

* In the event of isothermal flow Ap, = 1.05 x 10° Pa 
which is about.2.5 times smaller. 


911. MC-20 Grade oil flows through the pipes of an oil 
cooler of diameter d = 5 mm and length !=0.4 m, as 
illustrated in Fig. 5-2. The temperature of tube walls ¢t,, = 

The lengthwise mean témperature of oil in the tubes of 
the oil coolep t, = 70°C. 
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Determine the total amount of heat transferred, if the 
oil cooler is built-up of nm = 120 tubes, connected in paral- 
lel, and the total rate of oil flow 
through the oil'cooler G=2.5 kg/s. 

Answer 


Q=941 kW. 


5-12. Determine the pressure 
drop involved and the power 
(without allowance for pump effi- 
ciency) consumption required to 
pump the oil through the oil 
cooler, assuming conditions as in 
problem 5-11. Assume an oil inlet 
temperature ¢,,= 70°C; the local 
resistances to oil flow can be 
ignored. 

Answer 


Ap =6.85X10* Pa; N=0.2 kW. 


9-13. How will change the heat-transfer coefficient, the 
quantity of the heat transferred and the pressure drop under 
the conditions of problems 5-11 and 
0-12, if one oil cooler with tubes of = ¢jz, G \tr, 
length i = 400 mm is replaced with 
two coolers connected for parallel oper- 
ation and built-up of tubes of length 
l'- = 200 mm, preserving all other con- 
ditions the same as in problem o-14 
(Fig. 5-3)? 

Answer 


, ’ ’ 1 
ara; OU wQ; Ap = = Ap. 


0-14. Water flows in a tube df dia- 
meter d = 8 mm. The tube is heated Fig. 5-3. Solution to 
in a way that the rate of heat flow problem 5-43 
through the wall of the tube is con- 
stant over the perimeter and length and amounts to Gow = 
=4 X 10* W/m’. 

Determine the value of the local heat-transfer coefficient 
and the tube wall temperature at'a.distance xz + 20d 


Fig. 5-2. Solution to pro- 
blem 5-11 
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from the inlet into the heated section of the tube. 
The water inlet temperature ¢;, = 10°C. The mean water 
flow velocity w = 0.15 m/s. Upstream of the heated section 


zr=204 


Q y= Const 


Fig. 5-4. Sojation to problem 5-14 


of the tube there is a section of hydrodynamic stabilization 
(Fig. 5-4). 
Answer 
= 885 W/m?-C; ¢t,, = 60°C. 


Solution si 


To determine the pattern of water flow, we calculate the 
Reynolds number. The rate of water flow 


G = pw ae = 999 x 0.45 “—_—— — 7.54 x 1073 kg/s. 


The bulk mean temperature of water in the section z = 
= 20d = 20 x 8 x 10-* = 0.16 m long 


Z Guomd gn , 4X 404 X 3.44% 8X 10-3 7 
ty ty “Go = 10+ “eos aiar 0-16 = 


=104 5.1 =15.1°C, 


where the heat capacity and density of the water are selected 
at a temperature of 15°C: 


P = 999 kg/m® and cp} = 4187 J/kg-°C. 


At ‘s = 45°C the kinematic viscosity of water v,; = 


1.153 x 10-* m*/s and the Reynolds number Re, = 
— 0A5X8x103 gaan 
vy  1.453x10-6 =~ : 

Since the Reynolds number Re; < 2300, water is in a lami- 
“nar flow. In order to determine whether or not heat transfer 
is affected by free convection, it is necessary to calculate the 


magnitude of the product (GrPr),, but for this purpose the 


1 


Ig | 
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wall temperature should be known. Therefore, this check 
will be carried out at the end of the calculations, after the 
wall temperature f,, is determined. Calculations are done, 
assuming that natural, or free, convection does not affect 
heat transfer. 

To calculate the local heat transfer when fluid is tw vise 
cous flow in tubes at a constant rate of heat flow,,g 
= const, use can be made of the rie formula a3}: 


Nu, = 1.31e (= 4) 7 (1 42 om 5) (#)", (5-3) 
where 


_ ae. 1 = _. An , =3 QVw : 

Nua = hn * Pen aa ~ &Geph 7 bp —ty : 
the subscripts “w” and “h” indicate that the physical prop- 
erties of the fluid are selected at the wall temperature 7, 


and a reference temperature ¢t, = 0.5 (t, + t,,) respectively. 
The correction for the section of hydrodynamic stabili- 


zation 
a [ 4 +.2.85 (a3) J: 


{ 
e = 0.35 | a 
This correction is introduced when there is no section of 
hydrodynamic stabilization upstream of the heated section of 
the tube and ae ~ < 0.064. 


Formula a i valid at Re, < 2300; 
-_ = <0.04 and 0.04 2 7&1. 


In order to suai with the aid ot ieisiate (5-3), 
temperature of the wall, ?,,, must be known. The calculation 
is, therefore, carried out by the method of successive approx- 
imations. 

Evaluating the local coefficient of heat transfer from the 


wall of the tube to the flowing water to be a= 1000 W/m*. °C, 
we get: 


bay = ty +A ws 15.14 STR ves 5ST, 


then, the reference temperature tft, = O0.5 (t, + t,) = 
= 0.5 (15.1 + 55) & 35°C. 
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At this temperature 
Con = 4174 J/kg-°C; Ay = 0.624 W/m-°C 


with t, = £5.1°C p, = 1152 x {Q* Pa-s; 
with t, = 55°C pn, = 509.6 x 10°° Pa-s 


and 
4 2 mzhy 3.14016 X0.604 ” 
Tee E> egy ~ TTS CHITIN =P) | 


te 7 <0. 04: He as ey = 0. 442 > 0.04; 


consequently, formula (5-3) is applicable. 
In accordance with conditions assumed, e = i and the 
number 


Nun= 4.34 (2.5 x 10-8 (4 + 2 x 2.5% 10°) (0.442) 
= 44,4 
The local heat-transfer wer 


a= Nu, b= 41.4 


ax 05 = 866 W/m?. °C. 
As the second approximation, the temperature of the wall 
= 15.1 x S30 2 15.4 4 46.2 = 61.3 °C. 


Assuming the wall temperature ¢,, = 60°C, we repeat the 
éalculetion and obtain: 


th = 37.5 °C: See dete 54 x 1073: 


ae = 0.4; Nu, = 11.2; a@ =: 885 W/m?.°C; 


es the third approximation, the temperature of the wall 
ty = 15.4 + AE 15.4 + 45.2 = 60.3 26. ” 


Since the calculated wall temperature coincides with 
sufficient accuracy with the temperature assumed, the local 
sang en coefficient can be assumed equal toa = 

5S W/m*-°C and t, = 60°C. 

~ Having determined the wall temperature ?,,, let us check 
now whether heat transfer is affected by free convection. 
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At a reference temperature t, = 37.5°C v, = 0.695 x 
x 10-* m3/s, B, = 3.71 x 10-* K~!, Pr = 4.59, then 


tip — tz) a8 
(GrPr), = ep, saat ae Pr, = 
_ | ~4 (60 — 15.4) (8 x 10-3)5 _ 
=7.9x 105< 8 x 10 
and it may be assumed that free convection will not affect 
materially the process of heat transfer. 


0-15. Compare the local Nusselt numbers for fluid in 
a laminar flow in a circular tube on conditions of aconstant 


0.8 
f} M) 10 W200 


Fig. 5-5. Solution to problem 5-45 


heat flux on the wall, without a preceding section of hydro- 

dynamic stabilization (Nu,), and in the presence of such 

a section (Nuz,,.:). Carry out the comparison for relative 

distances from the heated section amounting to z/d = 1, 2, 

9, 10, 15 and 20. Assume the Reynolds number Re; = 1800. 
Answer 


Bd & eh Se Sw K f 2 5 10 45 20 
Nua/Nung .... 1.37 1.26 146 1.40 4.07 1.08 
Solution 


In accordance with formula (53), the correction for the 
section of hydrodynamic stabilization of low e= Nu,/Nuz.,; 
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can be calculated with the aid of the formula 


e = 0.35 ( a 5) - | 1+-2.85 ( CF sy]. 


In the case considered Re; = 1800 and for z/d = 2 we 
have: 


e = 0.35 (sa5) _ [ 1-+2.85 (sar) | = 1,26. 


The calculation results for other values of the relative 
length are given in the answer to problem 5-5 and in Fig. 9.5. 


5-16. Determine the local heat-transfer coefficients and 
the temperatures of the inner surface of a tube, having a di- 
ameter d— 10 mm, af distances: z = 0.5 m and z = 1.0 m 
from the inlet into the heated section of the tube. The 
tube is being heated maintaining a constant rate of heat 
transfer through the wall, g, = 1 XxX 10* W/m?. The heat is 
transferred to and removed by transformer oil, having an 
inlet temperature ¢,;, = 30°C and flowing along the tube 
with a mean velocity w = 2.5 m/s. 

Answer 

with z = 50d a = 326 W/m?.°C, t,, ~ 61°C; 

with x = 100d a = 265 W/m?-°C, t,, ~ 69°C. 


9-17. A tube having a diameter d = 6 mm and length 
1 = 1600 mm carries water at a mass rate of flowG = 15kg/h. 
The tube is heated so that the rate of heat transfer on its 
inside surface may be assumed to be constant (¢,, = const). 
At the tube inlet the water temperature ¢,, = 20°C. 

To what value can the rate of heat transfer. q,,, W/m? be 
raised, if the temperature at the inside surface of the tube 
should not exceed t,, < 100°C? What will then the outlet 
bulk temperature of the water be? 

Answer 


Qy = 3.65 X 10* W/m; ty, = 43.7°C. 


0-18. Under the conditions of problem 5-17 how will 
change the admissible rate of heat transfer and the tempera- 
ture of water at the tube outlet, if the rate of water flow is 
decreased two times, i.e. with G = 7.5 kg/h? 
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Answer 
dy = 2.5 x 10° W/m!, i.e, ill decrease about 1.5 times; 
big = 52.5°C. 


5-19. Determine the relative length of the section of 
thermal stabilization, l,,../d, for a tube having a diamster 
d = {4 mm and carrying water in a Jaminar flow with a wall 
tamperature maintained constant along the tube (+, = 
== const), if the mean temperature of water ¢t, = and 
Re, = 1500. Also calculate the local Deat-transfer coefficient 
on the section of the tube where i >> ky.+. 

Answer . 


L,.¢/d = 268; a = 170 W/m'*.T. 


Solution 

With water in a laminar flow and provided ¢, = const, 
the relative length of the section of thermal stabilization may 
be assumed: 


“lst ss 0.5P ey. Re , 
4 
In the case considered at t, = SO°C Pr, = 3.55 und Pe, = 
= Re,Pt, = 1500 x 3.55 == 5320, congequently, J,,. 1/d = 
ax 0.05 < 5320 = 266. 
With | > i,., the maximum valae of the Nusselt number 
Nue.4'3.66, consequently, 


em Niue Af 3.66 7S a 120 Wit °C, 
where at ty = 50°C Ay == 0.648 W/m: °C. | 


5-20. Solve problem 5-49, if heat transfer takes place at 
a constant rate of haat transfer along the tube (¢,, = const). 
Answer 


Lad = 372; a = 203 W/m?.°C. 


Solution 
With water in a laminar flow under the condition g, = 
= const the relative length of the section of thermal stabi- 
Hsation —_ be assumed equal to: /,,../d ~ 0.07 Re,, and 
Nue mm 2.0. . 
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In the case considered (see problem 5-19) 


int = (),07 x 5320 = 372: 


_ 0.648 = 

5-21. Calculate the length of the section of thermal stabi- 
lization in a tube having a diameter d = 10 mm under the 
condition of a constant rate of heat transfer along the tube 
(1. = const) and the Reynolds number Re, = 1000, if the 
ube carries the following liquids: transformer oil at a tem- 
perature t; = 100°C; water at a temperature t, = 230°C; 
mercury at a temperature ¢; = 120°C, bismuth at a tempera- 
ture t; = 400°C; and sodium at a temperature t, = 400°C. 

Also determine the local heat-transfer coefficients for 
these liquids on the section of the tube where 1 > Jy, ;. 

In the calculations the effect of longitudinal heat transfer 
by conduction should be ignored. | 

Answer 

Calculation results are tabulated below: 


Liquid ‘ale wD a, W/m2-°C 
Transformer oil - 30.7 45.2 
Water 0.616 278 
Mercury 0.0426* 4030 
Bismuth 0.0102* 6 270 
Sodium 0.00392 27 900 


5-22. Determine the local coefficient of heat transfer 
and the amount of heat transferred when water flow in a hori~ 
zontal tube having a diameter d = 10 mm and length 
{= 1.2 m, if at midlength of the tube the temperatures of 
the water and tube wall are respectively t, = 30°C and 
t, = 60°C; the rate of water flow in the tube G=7 x 
x 10~* keg/s. 


* Actually, l,,., will be somewhat greater than the value obtained’ 
due to the presence of heat flow in the longitudinal direction. 
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Answer 
a = 1065 W/m?-°C; @ = 1200 W. 


Solution | 

To determine the pattern of water flow, we calculate the 
Reynolds number Re. At t; = 30°C p, = 80110 Pa-s 
and 

4G 4.7 x 10-8 

Rey = nduy  3.44xX1X10-7X 801x108 1100 < 2300. 

In accordance with the value of the Reynolds number, the 
water is in laminar flow. 

In order to determine whether heat transfer is affected by 
free convection, we calculate the product (GrPr), where 
taken as the reference temperature is ¢, = 0.5 (¢,, + ¢,) and 
ty = 0.5 (ty, + #3). Hence, t, = 0.5 (30 + 60) = 45°C. 

At this temperature v, = 0.607 x 10-* m/s, B, = 
= 4,18 «k 1Q-* K-!, and Pr, = 3.92. 


(GrPr), = gPhr foe Pr, = 


_ : 4 (80—30) (1X 10-)8 9 on 
=9.81 x 4.18 x 10 “O01 X15 F 3.92 = 


= 1.31 x 10® >8 x 105. 


Consequently, free convection affects. the process of heat 


transfer; the pattern of flow is of the viscous-gravitational 
kind. 


For fluids in viscous-gravitational flow,in horizontal 
tubes the mean rate of heat transfer can be calculated with 
the aid of the following formula (15): 

| _ ad 0.4 0.0 ( io ~0,14 : 
Nu, = 0.8 (Pen 7) (GrPr),, ( 7 } » (9-4) 
where 


g= 


(tip — ts) B d 
Gry = a — Pe, = ; 


ty = 0.9 (t¢s + ta). 


The subscripts “w” and “h” indicate that corresponding 
physical properties are selected by the wall temperature t,, 
and reference temperature t, = 0.5 (é, + ¢,). 


tip —ty ° 
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Formula (5-4) is valid at 
Re, = 3000; 20 < Pead/? < 120; * 
10° < (GrPr), < 13 XK 10°; 2< Pra < 10. 
In the case considered at t, = 45°C 
an = 1.55 X 10-7 m/s; Ay = 0.641 Wi/m-°C; 
at t, = 30°C p, = 990 kg/m’; 
at t,, = 60°C p, = 470 xX 10°° Pa-s. 


_ is 4x7x 10-8 _ pes 
v= Sad = WOKS. X TOE OOF SS 
Pe, 2 wd d 0.09x1x1072 1x 10-2 


=e 
——— (eee ee = 


(GrPr), = 1.31 x 10® and formula (5-4) is applicable. 
Substituting the found values in formula (5-4), we find 
that 


Nuj= 0.8 (48.4)9-4(4.34 x 40°)-1(470/801)-0-14 = 16.6. 


The coefficient of heat transfer 


a= Nu, “A= 16.629. = 1065 W/m?-°C. 


The quantity of heat transferred 
Q =a (ty — t,) andl = 1065 (60—30) 3.14 xk 10-* xk 1.2 = 


= {200 W. 


9-23. How will the coefficient of heat transfer and the 
amount of heat transferred under conditions of problem 
(5-22) change, if the rate of water flow is increased two times, 
and all other conditions are left unchanged? 

Answer 


a = 1850 W/m?-°C; @ = 2090 W, i.e. a and Q will in- 
crease 29:4 w 1.32 times. 


0-24. The tubes of a vertical heat exchanger carry water 
in upward flow. The inner diameter of the tubes d = 16 mm 
and their length | = 1.2 m. The rate of water flow through 
one tube G = 58 kg/h. The water temperature at the heat- 
exchanger inlet ¢;, = 30° 


8-—0215 
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Determine the amount of heat transferred from the wall of 
one tube to the flowing water and the outlet water tempera- 
ture, ty, if the temperature of the tube walls is maintained 
equal to 80°C, 

Answer 

Q? = 1450 W; bis my 52°C. 

Solution 

The rate of water flow 


(en = 1.61 x 1072 ke/s. 


3600 
At ty = 30°C py, = 801 x 10 Pass 
and 
4G 4x 1.61 < 1073 
Ren = Saag, ~ BAEK 16 x40 x B01 x — 1000 < 2300. 


The pattern of water flow is laminar. 

Further calculate the product (GrPr),. Since the water 
outlet temperature, ¢;,, is unknown and, consequently, the 
mean temperature of water, ¢t,, cannot be determined, the 
problem must be solved by the method of successive approx- 
imations. ; 

We assume a water outlet temperature ty = 50°C. Then 
ty = 0.5 (ty, + tg) = 0.5 (80 + 50) = 40°C and the ref- 
erence temperature ¢, = 0.5 (t, + t,) = 0.5 (80 + 40) = 
= 60°C. 

At this reference temperature 


Br = 5.44 x 10-* K- v, = 0.478 x 10-* mis; 
The Prandtl number Pr, = 2.98; 


(GrPr)y = gin ene Pry = 


_ (80 — 40) (16 x 1078)8 _. - 
= 9.34 x 0.11 x 107+ ear 2.98 = 
= 1.07 x 107>8 x 10%. 


The pattern of flow is of the viscous-gravitational kind. 
With fluid in viscous-gravitational flow in vertical tubes 

and coincident direction of forced and free convection at the 

wall (cooling of the fluid and downward flow or heating of 
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the fluid and upward flow), to calculate the mean rate of 
heat transfer, the following formula [15] can be used: 


Nuw = 0.35 (Per +) *? ( (GrPr), ye. (5-5) 


where the local coefficient of heat transfer is related to the 
initial temperature difference t,, — %,: 


a=5 — , Grp = gPy SB e 
w — ft h 
wd 
Pe, = Ga by = 0.5 (243 + tra). 


The subscripts “w” and “h” indicate that corresponding 
physical properties are selected by the wall temperature ¢,, 
and the reference temperature ft, = 0.5 (t,. + t,). 

Formula (5-5) is valid at Re, < 2300; 


(Pep . ) .<Pen i< 110; 20< 5 < 130; 


8 x 10° < (GrPr), <4 X 10°. 
Here the asymptotic value of the Peclet number: 


(Pen>) a3 1.5 (GrPr \. 


In the case considered: 
at t, = 60°C a, = 1.6 K 10-7 m/s; at ¢t,, = 80°C A, = 


= 0.635 W/m-°C; at t; = 40°C p, = 922 kg/m’. 
The mean velocity of water how 
_ 4G AKL. 10-8 
v= Tip, — SAS x too — 0-081 m/s; 
qd wdd_ 0.081x16x10-§ 16x 10% 
Pen = ay T= fOxtoF 4.2 = 1085 


(GrPr), 4 = 1.07 x 107 8X10" 64.43 x 108; 
(Pen) a 1.5 (1.43 x 108) — 29. 


Since all dimensionless terms, or criteria, fall within 
the limits indicated above, formula (5-5) is applicable. 
The Nusselt number Nu,, 


Nu,» = 0.35 (408)9-9(4.43 x 408)0.18 <= 12.9. 
io ge 
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The heat-transfer coefficient 


7 Mie 0.635 
a= Nuw p= 12.2 B08 


The amount of heat transferred 
Q =a (t, — t)ndl = 482 (80—30) n16 x 10-* x 
x 4.2 = 1450 W. 


Checking the assumed value of the water outlet temperature 
= Oe Sees. eae 
f= bar Gepy + Tee Kas = 
= 30+ 21.5 =51.5 “CG, 


where the heat capacity of water is selected at t; = 40°C: 
Cor = 4174 J/kg + °C. 


Thus, the first approximation results in t;, = 51.5°C. 

Assuming for the second approximation the water outlet 
temperature Lrg aa a OF we obtain t, = 0,5 (ty, + tys) = 
= 41°C and a referenceftemperature t, = 0.5 (t,, + t;) = 
= §0.5°C. The coincidence is sufficiently good, and no more 
recalculations are required. 


= 482 W/m?.°C. 


0-20. Under conditions of problem 5-24 how will change 
the amount of heat transferred and the temperature of water 
leaving the heat exchanger, if water moves downwards, 
instead of upwards, all other conditions of the problem 
remaining unchanged? 

Answer | 

Q = 1860 W, ty. = 57.6°C, i.e. Q will increase by 28 per 
cent approximately. 

Hint. Just as in problem 5-24 the pattern of flow is of 
the viscous-gravitational kind. 

With fluid in viscous-gravitational ow in vertical tubes 
and oppositely directed forced and free convection at the 
wall] (cooling of the fluid and upward flow or heating of the 
fluid and downward flow) the mean rate of heat transfer can 
be calculated with the aid of the following formula [45]: 


Nu, 0.037Re?:?? Pr}! { £2 )", - (5-6) 


*t. { 
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where in the event of heating n = —0.11; with cooling 
n= —(0.25. 


q . 
a= ‘op ty=Q.9 (fy + ty). 


Formula (5-6) is valid at 
250 < Re, <2 x 104; 41.5 x 10°< (GrPr), < 12 x 10. 


Inasmuch as in the problem considered the arithmetic 
mean temperature of water, ¢;, is not known, we may assume 
the water outlet temperature t,;, and solve the problem by 
the method of successive appoximations. 


5-26. How will change the amount of heat transferred 
and the temperature of water at the outlet, ¢,,, under con- 
ditions of problem 5-24, if the tubes of the heat exchanger 
are horizontally arranged, with all other conditions remain- 
ing unchanged? Compare the answers to problem 5-24, 
O20 and 5-26. 


Answer 
Q = 2300 W; ty, = 64.2°C. 


Calculation results for the problems 5-24 through 5-26 
are tabulated below: 


it Pe gee Oe eo ree and 0. W | tags °C 
9-24 Directions coincide 1450 52 
9-20 Oppositely directed 1860 37 .6 
5-26 Flow in a horizontal tube 2300 64.2 


5-27. A vertital water heater handles water having an 
inlet temperature t,, = 10°C and flowing upward in tubes of 
diameter d = 24 mm. The temperature of the tube walls is 
maintained equal to ¢t,, = 140°C. Of what length should the 
tubes of the heater be to ensure a water outlet temperature 
ty, = 70°C, at a rate of water flow through a single tube 
é == 9O kg/h? 

Answer 
t= 0.75 m. 
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Solution 

First find tha Reynolds number. 
At ty = 0.5 (ty, + ty = 0.5 (10 + 70) = 40°C py = 
== 653 x 10-* Pa-s; the rate of water flow G = 90/3600 = 
= 0.025 kg/s. Then, the Reynolds number 

4G 4 0.025 

Roy = dig STE KAK ATT H BK I0S 2080 < 2800. 

The fluid is in laminar flow. 

At t, = 0.5 (t, + t,) = 0.5 (140 + 40) =: 90°C, B, = 
= 6.95 x 10+ K-!, v, = 0.826 x 10 m*/s, a, = 1.68 x 
x 40-7 m*/s, Pr, = 4.95. 


(GrPr)y = of, BS Pry = 


= 9:84 x 6.95 x 40-40 aks 107” 4.95 = 


= 1.74 108% >8 x 10°. 


The liquid is in viscous-gravitationa] pattern of flow and 
for the case when the directions of ferced and free convection 
coincide heat transfer can be calcujated by formula (5-5): 


Nu = 0.35 (Pent) "| GrPr)s +)" 


in which there are two unknown quantities: a and l. 


As the second equation we make use of the heat balance 
equation | 


Q = Gey; (try — tn) = & (ty — ty) nd. 


Substituting the known quantities into the heat-transfer 
equation, we obtain: 


at t; = 40°C p, = 992 kg/m®, cp; = 4474 I/kg-"C; at 
t,, = 140°C 1,, = 0.685 W/m-°C, © | 


4.0 * 0.025 . 
3.44 X 24 xX 1073 x 992 x 1.68 x 10-7 7950; 


@ = 4,,0.35 (Peq)?-3(GrPr)9-18q-0-52]-0.48 — 
= 0.685 x 0.35 (7950)9-9(4.74 x 409)9-18(24 x 40-8)-0-52]-0.48 


Ch. Five. Heat Transfer and Hydraulic Reststance 119 


Substituting the known quantities into the heat-belance 
equation, we obtain: 
0.025 x 4174 (70 — 10) 638 


H Cnt) | 
iin be, — $74) = 3.14 x 24 x 10-3 (140 — 10) 2 a ie (b) 
Solving together equations (a) and (b), we find: 

a ag 08 


whence 
vas we check whether ‘formula (5-5) is spplicabier 


= gp 331.3; Perm 786) ge 78} 


(Pa, 4 =). as 1.5 { (GrPr), iy ” 
4.5 (1.78 x 108g gy) 7 , 


Since, | 
20<5<130 and is amtoin 
the used calculation formula is applicable. 


5-28. What should the length of tubes of a horizontal 
heat-exchanger in which water must be heated from a tem- 
perature t,, = 5°C to a temperature t,, = 55°C be, if the 
diameter of the water-carrying tubes d = 18 mm; the tem- 
perature of tube walls ¢,, = 70°C, and the rate of water flow 
through each tube G = 72 kg/h? 

Answer 

 §=2 m. 


0-29. Determine the coefficient of heat transfer from the 
wall of a tube of a steam-turbine condenser to the cooling 
water, if the lengthwise mean wall temperature of the tube 
t,, == 28°C; the tube inside diameter d = 16 mm; the water 
inlet_ temperature ¢, = 10°C, and the water outlet temper- 
tite. ays = 18°C Bre mean velocity of water flow w = 
=: 2"'m/s. . 


Also determine the amount of heat transferred and the 
length of the tube. 
Answer 


a = 7340 W/m*.°C; @ = 13.5kW; | <= 2.7 m. 


120. - Problems in Heat Transfer 


Solution 

Since the water inlet and outlet temperatures, ¢;, and ty,, 
are given, the Reynolds number can be determined based on 
the arithmetic mean temperature of the cooling water 


ty = 0.5 (ty, + tys) ee 0.5 (10 + 18) = 14°C. 


At this temperature the kinematic viscosity of water 

v, = 1.18 X 10-® m?/s and the Reynolds number 
wd  2x16x 103 7 ‘ 

The cooling water is in turbulent flow. 

With an incompressible liquid in turbulent flow in tubes 
and conduits (channels), with Prandtl numbers Pr > 0.7, 
heat transfer can be calculated by the following formula [13]: 

0.2 
Nu, =0.021Rey* Pry? (StL) ey *, (5-7) 
Pw 
where the subscripts “f’ and “w” indicate that the physical 
properties of the liquid involved are selected based on the 
arithmetic mean temperature ¢t; and the wall temperature 2,,; 
oe _ _ bfa—' 
0 2 Atiog ’ Atiog " tip —tyy ? 
lip — bye 
where ge, is the correction for the initial section. At 
l/d > 50 e, = 1. The values of the correction e; are given 
in the following table: 


Re; 


1 x 104 
2x 104 
5 x 104 
i x 105 


* The corrections, accounting for the variation in the physical 
properties over the cross section of flow in formulae (5-7) and (5-8), 
(Pr,/Pr,,)°-** and (py/u,,)", are not valid for gases. See formula (5-13). 
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With Re, > 1 x 10° or Pr; > 5 more accurate results are 
obtained with the aid of formula {18}: 


i ReyPry 


12.7 / + (Pr’/® — 4) 44.07 


where — = (1.82 log Re; — 1.64)-® is the friction factor for 
cases of isothermal turbulent flow of fluid in plane tubes. 
When liquid is heated n = 0.14 and when liquid is cooled, 
n = 0.25, 

This problem is solved with the aid of formula (5-7). 

At t, = 14°C for water Pr, = 8.5, 4, = 0.584 W/m.-°C, 


p, = 999 kg/m*, cp, = 4.187 kJ/kg-°C. 


At t, = 28°C Pr, = 5.7. | 

Since the length of the tube is not known, as the first 
approximatéon, we assume a correction for the initial sec- 
tion e,; = 1. 

Substituting the known quantitics into formula (5-7), 
we find: 


Nuy = 0.024 (2.74 x 104)? (8.5)"43 ($3) = 201. 
The local heat-transfer coefficient 
_ A _ 0.584 __ 2.07 * 
a= Nu, t= 204 Te x 10-3 == 7320 W/m C. 
The rate of water flow through the tube 


G = up, “2 2 x gag MUSK 0.408 kg/s. 


(ay. 68 


Nuy = ite 


The amount of heat transferred to the cooling water 
Q = Gens (ty, — ty) = 0.403 x 4.187 (18—10) — 13.5 kW. 
The length of the condenser tube 


a aAtyognd . 
where the logarithmic mean temperature difference 
Atiog = —12—_ Oe i 497 °C 
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i a terrae 


43 500 | 
bes 7320 X 13.7% 3.44% 16 K 10°83 sa 2.68 m. 


The correction ¢; was assumed to be unity. The calculated 
length of the tube | ~ 2.7 m, consequently, 
I : 
t ex 7 == 167. 


Since Wd > BO, then es; = ft and no further calculations are 
needed. 


9-30. With liquid {n turbulent flow in a tube how will 
change the heat-transfer coefficient, if the yelocity of the 
liquid increases 2 and 4 times, while the diameter of the 
tube and the mean temperatures of the liquid and wall re- 
main unchanged? 

Answer 

The heat-transfer coefficient will increase respectively 1.74 
and 3.04 times. 


5-31. With liquid in turbulent flow ig a tube how will 
change the heat-transfer cocfficient, if, with the mean tem- 
peratures of the liquid and tube wall remeining unchanged, 
the diameter of the tube is increased 2 and 4 times: (a) main- 
taining the velocity of flow constant; (b) maintaining the 
rate of liquid flow constant? 

Answer 

(a) The coefficient of heat transfer wil] decrease respec- 
tively 1.15 and 4.32 times. 

(b) the coefficient of heat transfer will decrease respec- 
tively 3.5 and 42 times. 


5-32. Determine the ratio of the coefficients of heat trans- 
fer from the wall of a tube to water, a,, and to gas, &,, with 
the fluids in turbulent flow in tubes of equal diameters, at 
equal Reynolds numbers and about equal Prandtl numbers. 
What shall be this ratio for water and air, if water tempera- 
ture t;, = 250°C and air temperature ¢;, = 20°C? 

Answer 
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§-33. Water flows into a boiler economizer at a tempera- 
ture t,,— 165°C and leaves the economizer at a temperature 
ty, = 215°C. Calculate the coefficient of heat transfer a 

om the wall of an economiser tube to the flow of water, if 
the inner diameter of the water-carrying tubes d = 36 mm; 
the water flow velocity w = 0.6 m/s, and the relative length 
of the tubes 2/d > 50. 

Note. Since the coefficient of heat transfer from the wall 
of an economizer tube is considerably greater than the co- 
efficient of heat transfer from the flue gas to the wall, the tem- 
perature of the inner surface of the tube will be near to the 
mean temperature of water and the ratio Pr,/Pr,, ~ 1. 
Therefore, under the conditions of the problem considered, 
_— assume that (Pr,/Pr,,)°-35 =< 4 in formula (5-7). 

nswer 


= 4750 W/m!-*C. 


5-84. A tube having an inside diameter d = 8 mm and 
length | > SO d carries water, flowing with a velocity w = 
= 1.2 m/s. The external surface of the tube is heated so 
that the temperature of the internal surface of the tube t,, = 
= 90°C. The water is heated from an inlet temperature 
ty, = 15°C to an outlet temperature t,, = 45°C. 

Determine the coefficient of heat transfer from the wall 
of the tube to the water and the mean rate of heat transfer 
along the tube. 

Answer 


a = 7950 W/m?.°C; g = 477 kW/m! 


0-85. Under conditions of problem 5-34 determine the 
friction factor. Compare the result obtained with the value of 
ae friction factor £, for a fluid in isothermal flow. 

newer 


& = 0.0263, §/&, = 0.875. 
Solution 


With an incompressible liquid in turbulent non-isothermal 
flow in plane tubes the friction factor can be calculated by 
the following formula (20): 


B= (42) , (5-9) 
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where £, = (1.82 log Re; — 1.64)-* is the friction factor for 
isothermal flow; ,,/p; is the ratio of the dynamic viscosities 
taken respectively at the temperature of the wall and the 
mean temperature of the liquid involved; n = 0.44 in the 
event of heating, and n=0.28 Pr-®.25 when cooling of liquid 


is involved. The formula is valid at 
3.3 x 10° < Re; <2.5 x 10°, 


0.3< P< 38 and 1.3<Pr,<178. 


From the conditions given in problem 5-34 we have: 
d=8 mm; w=1.2 m/s; t, = 30°C; t, = 90°C. 
For water at t, = 30°C v, = 0.805 x 10% m/s; 

p, = 802 x 10-* Pa-s and at t, = 90°C p, = 315 x 


x 10-% Pa-s; 
Ww x8x O-s 


The friction factor for isothermal fluid flow 
E, = (1.82 log Re, — 1.64)-* = (1.82 log 1.19 x 10* — 
‘ —1.64)-? = 0.030. 


For non-isothermal fluid flow with heating the friction 
factor 


=e (4e)?" = 0.03 (2 )°""* = 0.0263. 


Thus 
E/E, = 0.875. 


5-36. Under conditions of problem 5-34 how will change 
the local heat-transfer coefficient, if the water-carrying tube 
is made in the form of a coil having a diameter D = 2R = 

= 200 mm (Fig. 5-6)? 

Answer 

hbenr = 9100 W/m*-°C, i.e. the heat-transfer coefficient 
4will increase by 14.5 per cent. 
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Solution | : 
With fluid flowing in bent tubes at Re, < Re; < Re, the 
ocal heat-transfer coefficient can be calculated with the aid 


te2=45C 


Fig. 5-6. Solution to problem 5-36 


of formula (5-7) in which the dimensionless terms Reg and 
Rez, are equal to 


16.4 | 
VaR ° 
where d = tube inside diameter; 
R = tube bending radius. 
The relationships (5-10) are true for d/R >8 x 410-* [4]. 
If Re; > Reg, the heat-transfer coefficient can be cal- 
culated by the same formula (5-7), but the obtained value of 
the coefficient should be multiplied by gp, which for coiled 
tubes is determined by the following formula 


@e =~ 1+ 1.8 a/R. »- (5-44) 


In the case considered (see problem 5-34), for water at 
ty = 30°C v,; = 0.805 x 10° m?/s and 


_ wd 1.2X8x109 | ; 
Res= = pe xioe = 1-19 x 104: 


Rz, = 18500 (5%)°"* = 18 500 (stax) = 7500. 


Re}, = Rez, =18500(s5)°. (5-10) 
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Since Re, > Re,, the coefficient is calculated with the 
aid of formule (5-7), introducing the correction (5-14). From 
the solution of problem 5-34, we know that for a straight 
tube the heat-transfer coefficient a = 7950 W/ ma? a OF 


Bp ~wi+ 1.8 a= 1.145 and 


Advent © A8_ = 7950 X 1.145 = 9100 W/m'.°C. 


5-37. Determine the amount, of héat removed from water 
flowing through a coil having e radius 2 = 160 mm and bent 
from a tube with 4 diameter d = 18 mam. The rate of water 
flow through the coil G = 0.24 kg/s; the lengthwise mean wa- 
ter temperatur@t, = 120°C; the lengthwise constant temper- 
ature of the inner ggtface of the tube t., = 140°C. The length 
of the tube from which the coil is bent | = 3 m. 

Aus wer 


Q = 14 kW. 


| Fr 

5-38. It is planned to construct a heat-exchange apparatus 
from straight round tubes having a diameter d = 30 mm, 
which should carry, a coolant. The inner surface temperature 
of tuhe walls is given, t,, = 120°C. 

The coolant has a mean temperature t; = 70°C and it 
must remove heat in the amount 0 = 300 kW. 

Determine the cooling surface, if nsed, as a coolant are: 
(a) water; (b) transformer oil; (c) air at atmospheric pressure. 

The meén velocity of water and oil flow is assumed equal to 
w = 2 m/s, and the velocity of air low w =— 40 m/s. 

In calculating assurhe for the three cases that [> 50 d 
and a logarithmio mean temperature difference At, ~ 

mS ty — ty. 


ae 
a, Wim*.°C P, m? 
For water ........84848 10 700 0.56 
FOP-Olk. «..« &. &-« 4 4.4, «2 1140 5.20 
FOP RIF <6 % Ko ww HH eS 38.4 456 


5-39. How will change the heat-transfer coefficients and 
the heating susfeces for water, oi) and air, obtained in prob- 
lem 5-38, if at the same mean temperature of the coolant. 
(t; == 70°C), the wall temperature will be not 120° but 20°C, 
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i.e. if cooling of the heat-carrying fluid will take place at 
the same temperature differenee as in problem 5-38? 
Answer * 
(a) The local goefcient of heat transfer from water to 
the wall will decreas® by 32.4 per cent and # = 0.83 m’. 
‘(b) The local coofficisgt of héat transfer from transformer 
gil to the wall will decrease by 44.6 per cont and F = 9.0 m’. 
(c) At relatively small tempetature differences the local 
coefficient of heat transfer from air to the wall is practically 
independent of the temperature difference and the surface 
will be the same as in problem 5-38: F = 156 mi’. 


 -§-40. A straight tube having a diameter d = 30 mm and 
length ? = 2.5 m carries a heat-carrying agent moving with 
a velocity w = 4 m/s, and its mean temperature t, = 50°C. 

Calculate the pressure drop across the tube, if used as 
a heat-carrying agent are: (a) water; (b) transformer oil. 
Calculate for the case of cooling of the heat-carrying agent at 
a tubé wall temperature ¢,, 20°C and for the case, of heating 
of the heat-carrying agent at a wall temperature ?, = 

80°C. 


Answer 
If water is cooled, the pressure drop Ap = 11.5 kPa; if 
transformer oil is cooled, the pressure drop Ap = 17.6 kPa; 


when water is heated Ap = 9.57 kPa and when transformer 
oil is heated Ap = 14.3 kPa. 


5-41. A tube having a diameter d = 38 mm carries water 
flowing with a velocity w = 9 m/s. The temperature of the 
tube inner surface t,, = 50°C and the Nowiag water is heated 
from an inlet temperature t;, = 16°C to an outlet, tempera- 
ture t7, = 24°C, 


Determine the local coefficient of heat transfer from the 
wall to water and the length of the tube. 
Answer 
a = 28 400 W/m?-°C; | = 3.35 m. 


Solution 
Determine the pattern of water flow: 


t, = 0.5 (ty, + ty.) = 0.5 (16 + 24) = 20°C; 
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at t; = 20°C the kinematic viscosity of water v; = 1 x 
x 10 m*/s and 


Rey 26 BXE x 3,42 x 105 > 108. 


Water is in turbulent flow; the heat-transfer coefficient 
can be calculated with the aid of formula (5-8). At t, = 
= 20°C Pr; = 7.02; 

uy = 1004 x 10° Pa-s; Ay = 0.599 W/m-°C; 
po; = 998 kg/m®, ep, ~ 4187 I/ke-°C. 

At t, = 50°C ny, = 549 x 10-* Pa:s. | 
—E=(1.82log Re; ~ 1.64)-* = [1.82log (3.42 x 10° — 

—1.64]-? = 0.0141; 
3 Rey Pr 


12.7 y& (Pry/\ —1)+ 4.07 ad 


where for heating 7 = 0.11; consequently 


Nuy= 


0.0144 3 42 x 108% 7.02 
Sey Ko rE ae eres ey Mills 
12.7 ( 5 (7.027/3 — 4) 4 4.07 


and: the heat-transfer coefficient 


a. = Nuy“t = 1800 -", = 28400 W/m?-°C. 


The length of the tube is determined from the heat balance 
equation . 


Q = 4 (ty — ty)ndl = Gepy (ty. — ty). 


The rate of water flow and the amount of heat transferred 
to water 


G= py = 998 x 9 ae 10.15 kg/s; 


ioe sicee aoe beeerearente Oe meeeiaiel 
= a(tp—t;)nd 2.84 104 (50—20) 3.14 x 38 x {93 = 9.35 mee 
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5-42. In a heat-exchange apparatus water must add heat 
in the amount Q = 460 kW, moving along a straight tube 
of an inside diameter d = 50 mm. The inner surface temper- 
ature of the tube is maintained constant and equal to 20°C. 
The rate of water flow G = 11 kg/s, and the water inlet 
temperature t,, = 75°C. 

Determine the length of the tube required. 

Answer 


l= 34 m. 


9-43. Determine the local heat-transfer coefficient and 
the rate of heat flow on the inner surface of a tube having 
a diameter d = 12 mm and carrying water with velocity 
w = 6.5 m/s, if the mean water temperature t; = 160°C and 
the temperature at the inner surface of the tube ¢,, is main- 
tained equal to 185 "C. 

Answer 


a=4 xX 104 W/m?-°C; ¢g¢=1 x 106 W/m?. 


0-44. Determine the velocity with which water having 
the arithmetic mean temperature ft, =150 °C must be pump- 
ed through a tube with a diameter d = 20 mm and length 
1 = 2.3 m, to ensure the removal of heat in the amount of 
9 kW, provided water is in turbulent flow and the tempera- 
ture of the inner surface of the tube ¢,, = 170°C. 

Also determine the water inlet and outlet temperatures. 

Note. Solving the problem, it should be borne in mind 
that in formula (5-7) the heat-transfer coefficient is related 


to the logarithmic mean difference between the temperatures 
of the wall and liquid. 
Answer 


w = 0.36 m/s; t;, = 140°C; ts, = 160°C. 
Solution 
Let us find the value of the heat-transfer coefficient requir- 
ed, assuming as the first approximation that Atjoy = 
= (ty — ty): . 
Q = 9000 = ° 
—— dl (tuy—ty) 3.14K2x10-2%«2-3 (170—150) — 3100 W/m*.°C. 
At ty = 150°C v, =0.202 x 410-8. a py = 917 kg/m’, 
Ay = 0.685 W/m °C, cpy = 4313 J/kg-°C, Pry = 1.17. 
9—0215 
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At t, = 170°C Pr, = 1.05. 
Determine the Nusselt number Nu, and the required Rey- 
nolds number, Re,, by formula (5-7): 


Nu, = ad = ex = 90.5; 
ay ag ( Pry \9.26 
00.5 
= = 0.3930 
e bg ’ 
0.024 (4.17)9-48 (437)? ” 


whence 
Re, = 3.11 x 10. 


As the first approximatioh determine the velocity of water 
required: 


w = Rey “f= 3.41 x 108§ “SEE 0.314 mis. 


The rate of water flow 
C= pyw 2 — 917 x 0.314 SEX _ 0.0903 kg/s 


and the temperature drop along the tube 
Q $000,“ an0 
Ot = Gey OURS x ass 28 


Consequently, the initial and final water temperatures 
by = ty ~ 0.56¢ = 150 — 11.5 = 138.5 °C; 
tyg = ty + 0.568 = 150 + 11.5 = 161.5 °C 
The logarithmic mean — difference 


Atiog = sek) a A Ob a 


2.3 log 2 —— cl 2.3 log oe 


8.9 
As the second approximation we assume Aljog = 17.6°C; 


9000 2 - 
SAAD RIO EK LI NKATE 7 39930 Wim?.°C. 


Rey? = 3930s = 4470; 


Re, = 3.66 x 10%, w=0.37 m/s. 


qZ = 
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G = 0.106 hg/s, 6¢ = 19.7°C, then t, = 140.2, t), = 
= 159.8°C, and the logarithmic mean temperature difference 
Atiog = 18.2 °C. 

As the third approximation assume Atjog = 18. 2°C; 
a = 3420 W/m?-"C; Rey = 3.55 x 104, and w = 0.36 m/s. 
Then St = 20° C, bey = 140° C, bys — 160°C, and Atiog = 

na 2G which coincides with the previously assumed 
value. 


3+45. Water at a temperature t,, = 30°C flows into a tube 
having a diameter d = 12 mm and length 1 = 2.2 m. 
Determine the temperature of water atthe tube outlet, ¢,.,, 
- if it is known that the rate of water flow G = 0.083 kg/s 
and the temperature of the tube inner Surface ¢,, = 60°C. 
Answer 


t #9,=_ 00°C. 


Selution 
In order to calculate the rate of heat transfer, we must 
know the mean temperature of water along tlie tube. Since 
the water eutlet temperature is not known, the problem must. 
be solved by the method of successive approximations. 
Assume a water outlet temperature t;, = 40°C. Then, the 
@mpagature ty = 0.5 (t, + ta) = 0.5 (80 + 40) = 
» ee Seat temperature the kinetic viscosity of water 
py = 1B {0+ P Pa: 8; 


. _ 4x 8.3x10-2 
Rey = af * STENT D TANTS R TO = 12 100 > 104 


Water is in turbulent flow in the tube. 

At ty = 35°C Ay = 0.626 W/m?-°C, Pry = 4.85; at #,, 
= 60°C Pr,, 00. 

Substituting the found values into formula (5-7), we find 
the Nusselt number Nu, and the heat-transfer coefficient: 


Nu =0.024 Rep* Prf'*? ( Zt) 


= 0.24 (1.24 x 108)%* (4,85) (455.\°8 _ gg; 


: n ) 0.626 re) 
C= Nu, > 86 Tix 107 = 4490 W/m?.- C. 


ad 
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— | 


The temperature of water at the tube outlet, ¢;,, we find 
from the heat-balance equation | 

Allowing for 

ttg—t 

2.3 log lott. * 

we obtain 
as al 
log (tw — tys) = log (tw — ty) — 2.36 pf 


log (60 — ts) — log (60 — 30) — 400X314 x12 x 19 x22 


2.3 X 0.083 x 4187 : 
whence ty, = 49.7°C. 


As the second approximation we assume t;, = 50°C. Then, 
ti; = 40°C; Ly = 6.54 x 1074 Pa °8; Ay = 0.634 W/m °C; 
Pry = 4.30; Rey = 13 500; Nu; = 87 and a =4600 W/m?.°C. 


The water outlet temperature (second approximation) 


4600 x 3.14 x 1.2 x 10-2 x 2.2 
te, = 90 °C. 
0-46. A heat exchanger is built-up of parallel straight 
tubes of diameter d = 18 mm and length / = 2.2 m. The 


i 


G tpy 


ata BES 


a . 


Fig. 5-7. Solution to problem 5-46 


tubes carry heating water (Fig. 5-7). The number of tubes 
n = 30. The total rate of water flow through the heat ex- 
changer G = 2.4 X 10* kg/h. The water temperature at the 
heat-exchanger inlet ¢,, = 90°C. 
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Determine the amount of heat rejected from the water, if 
the temperature of the tube inner surface t,, = 50°C. 


Answer 
~Q = 558 kw. 


5-47. Water flows through the channel! of the fuel element 
of a nuclear reactor ‘at pressure p = 8 MPa. The diameter of 
the channel d = 8 mm and its length ! = 2.5 m. The rate 
of water flow G = 0.12 kg/s. Water inlet temperature i4 = 
== 190°C. 

Determine the temperature of water and the surface tem- 
perature of the channel! on the outlet side, t;, and t,,,, if the 
rate of heat flow on the wall is assumed approximately con- 
stant along the length of the channel and equal to q, = 
= 620 kW/m’. 

Note. With the temperatures and pressure considered, 
‘account should be taken of the dependence of the heat capac- 
ity of water on temperature and pressure. Watery outlet tem- 
perature should, therefore, be determined based on the 
change in enthalpy along the channel: 


dl 
t= ty , kd fag. 


Answer 
ty, = 260°C; t,,, = 285°C. 


3-48. The temperature and pressure of water at the inlet 
of the cooling channel of a nuclear reactor t;, = 180°C, 
p = 10 MPa. The ‘channel has a cireular cross section with 
an inner diameter d = 6 mm and length / = 3 m. 

What rate of water flow through the channel must be en- 
sured so that the temperature of the wall at the channel out- 
let would be 20°C¥below the water saturation temperature 
at the given pressure, if the rate of heat flow on the inner 
_ surface of the cliannel?is”assumed approximately constant 
along the length of the channel and equal toq,, = 740 kW/m?? 

Note. To determine the rate of water flow, it is necessary to 
calculate the local coefficient of heat transfer from the wall 
of the channel to the cooling water and the temperature of 
water at the channel outlet, a, and ?;,., which in turn depend 
on the rate of water flow. The problem can be solved, there- 
fore, by the method of successive approximations, assuming 
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a velocity of water flow in the ehannel ranging from w = 3 
to w = 6 m/s. 
Answer 


= 0.1 kg/s. 


9-49. In an ee outfit, used to ‘investigate haa 
transfer for fluids in turbulent flow, water flows in a stain- 
less tube having a diameter d'= 5 mm and wall thickness 
§ = 0.5 mm. The tube is heated with electric current and 
all the heat liberated in the wall due to,current flow is trans- 
ferred to the water through the inner surface of the tube. 

Determine the local coefficient of heat transfer from the 
inner surface of the wall to water, «,+, W/m'*-°C, at a distance 
1 = 600 mm from the inlet, if the test results are as fol- 
lows: the current intensity J = 400 A; the’rate of water 
flow G = 0.1 kg/s; the water delivery pressyre p = 16 mPa; 
water temperature at the tube inlet t;, = 300°C; the temper- 
ature of the outer surface of the tube at a distance 4 = 
=: 600 mm from the inlet t,,., = 350°C. 

Assume the electric rasiatance and thermal conductivity 
to be constant and — respectively to p=0. 85 Ohm-mm?/m. 
and 4 = 19.8 W/m- 


Answer 
her = 48 500 W/m? -°C. 


5-50. Determine the error admitted in calculating the heat- 
transfer coefficient based on test results; under conditions 
assumed in problem 5-49, if: (a) the temperature drop across 
the wall of the test tube is: not accounted for; and (b) the 
thermal conductivity of the material of the tube is overes- 
timated by 10 per cent, i.e. it is assumed that A=21.8 W/m -°C. 

Compare the value of a,,, based on test results, with the 
results obtained calculating by formula (5-7), i.e. wit a,,,. 

Answer 

(a) a = 30 000 W/m!?-°C; the error is equal to 38 per cent. 

(b) % = 45 600 W/m?.-°C; the error is equal to 5 per cent. 

heat = 50 300 W/m*-°C; divergence by 3 per cent. 


5-51. A square-section channel with a side a = 10-mm 
and length t =*1600 mm carries water flowing with a voloci- 
ty w = 4 m/s. Calculate the coefficient of heat transfer from 
the wal] of the channel to water, if the lengthwise mean water 


: Ch. Five. Heat Transfer and Hydraulic Resistance $36 


temperature t; = 40°C and the temperature of the inner 
sarface of the channel ¢,, = 90°C. 
Amswer i 


a = 20300 W/m’-°C. 


' At the mean temperature t; = 40°C the physical proper- 
ties of water are as follows: ? : 


vy = 0.659 x 10-* m3/s; Ay = 0.634 W/m-°C; Pr; = 4:8. 
At the wall temperature ¢t,, = 90°C Pr, = 1.95. 
The equivalent diameter of the channel 
4a? 
deg=4--==- =a=9.01 m, 
where f = cross-sectional area of the channel, m’*; 
u = perimeter of the channel, m. 
The Reynolds number 
wag 4 X0.01 | 
The water is in turbulent flow. 
“ For fluids (liquids) with Prandtl] numberg Pr > 0.7 ia 
turbulent Jow in channels with a non-circular cross section 
heat transfer can be approximately calculated by formula 
(5-7), introducing the equivalent diameter as the reference 
dimension. Consequently, | 


Nu, = 0.024 Re;"® Pry = ( pty = 


= 0.024 (6.07 x 104)°-* (4.3)0-48 (5)? = g2c 
and the heat-transfer coefficient 


a = Nu, qe = 320 SF — 20300 W/m?-°C, 

5-52. How will change the heat-transfer coefficient and the 
amount of heat through length of 1 m of the channel under 
conditions of problem 5-51, if'the square-section channel is 
replaced with: (a) a plate-type channel with sides in a 1 : 25 
proportion; (b) a channel with an equilateral-triangular 
section, with the cross-sectional area of the channel and 
water flow velocity remaining unchanged? 
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Answer 

(a) the heat-transfer coefficient will increase by about 
20 per cent. The amount of heat transferred through length 
of 1 m of the channel will increase 3:16 times. 

(b) the local heat-transfer coefficient will increase by 
2.5 per cent, and the amount of heat transferred, by 17 
per cent. 


5-53. The external annular channel of a tube-in-tube 
heat exchanger (Fig. 5-8) carries water flowing’ with a velo- 
city w = 3 m/s. The mean temperature of the water along 
the channel ¢; = 40°C. 


Fig. 5-8. Solution to problem 5-53 


Determine the lengthwise-mean heat-transfer coefficient 
and the total amount of heat transferred in the heat exchang- 
er, if the temperature of the outer surface of theinside tube 
t,, = 70°C. The outer and inner diameters of the annular 
channel are respectively d, = 26 mm and d, = 20 mm; 
the length of the channel 7 = 1.4 m. 

Answer 


a = 7600 W/m?-°C; O = 20 kW. 


Solution 

At a mean water temperature ¢; = 40°C v,; = 0.659 X 
xX 10-*m?/s. The equivalent diameter of the annular channel 
(annulus) 


dyq2= + =dy— dy = 26—20=6 mm 


and ; 
wdeq 3X6X10- : 

The mean heat-transfer coefficient on the inner surface of 
the wall, in the event of turbulent fluid flow (of liquids and 


Re; = 


~. 
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gases) in annular channels, can be calculated by the fol-" 
lowing formula [4): 


Nu, = 0.017 Be?® ae, Pre) ( a)", (5-42) 


where the subscripts “f’ and “w” indicate that the physical 
properties of the fluid (liquid or cea are,respectively, selec- 
ted by the mean arithmetic temperature t; and the wall tem- 
perature ¢,,; taken as the reference dimension is the equiv- 
alent diameter d,, = d, — d, (d, and d, are the inner and 
outer diameters of the annular channel, respectively). 
Formula (5-12) is valid at d./d, ranging from 1.2 to 1.4; 
W/d,q ranging from 50 to 460 and Pr; falling within 0.7 to 100. 
In the case considered: 
dq 26 . ft 2 __ a4 
a, ~ wT 13 deq 8x 10-8 bate 
so that calculations are done with the aid of formula (5-12). 
At t; = 40°C Pr, = 4.31; A, = 0.635 W/m-°C. 
At t, = 70°C Pr, = 2.55. 


Nuy = 0.017 (2.73 x 1049 (4.31)94 (235. )0 (FO = 79; 


2.00 20 
0.635 o 
~ = 12-5 = 7800 Wim?.°C. 


Q=a(ty — i ndl = 7600 (70—40) 3.14 x 2 x 10-8 x 
x 1.4 = 20 kw. 


9-94. How will change the local heat-transfer coefficient 
and the amount of heat transferred in the heat exchanger, 
under the conditions of problem O-o3, if the outer diameter 
of the annulus d, = 32 mn, i.e. if the width of the annulus 
is doubled, on condition that (a) water flow velocity and all 
other conditions remain unchanged ;, (b) the rate of water 
flow and all other conditions remain unchanged? 

Answer | 

(a) a, = 6900 W/m?-°C; a,/e = 0.91; O = 18.2 kW. 

. (b) a, = 3580 W/m?-°C; ala =0.47; 0 =9.4 kW. 


3-00. A boiler bank of tubes is exposed to a longitudinal 
flow of flue gas. The tubes of the bank have an outside dia- 
meter d = 80 mm and length / = 3 m. The tubes are in-line 
arranged with pitches s, = 200 mm and s, = 200 mm 


6 — Nu, 
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(Fig. 5-9). The mean temperature of the flue gas t; = 750°C; 
the mean temperature of the ou‘side surface of the -tubes 
t,, = 230°C, and the mean velocity of gas flow w = 6 m/s. 
The volumetric eoraposition of the flwe gas (relative partial 


pressures) Poo, = 13, Puyo = 11, Py, = 76. 


= 


Fig. 5-9. Solution to problem 5-55 


Determine the local coefficient of heat transfer by con- 
vection ‘from the flue gas to the heating surface of the tube 


- 


bank. 
Answer 
a =13 W/m?.°C. 


Solution 
The equivalent diameter of the bank of tubes — 


dy = 4 sae — 0.08 = 0.557 m. 
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At the mean temperature t; = 750°C the physical proper- 
ties of the flue gas of the given composition are respectively: 


v, = 122 x 10° m/s; A, = 8.71 x 107°? W/m-C; 
Pr, = 0.6 
and the Reynolds number 


Weg 8X 0.557 
Rey = = FX 


With gases in turbulent flow in tubes and conduits and in 
the case of longitudinal flow past a bank of tubes heat trans- 
fer can be calculated with the aid of formula (5-7), but, 
then, the correction for the variation of physical properties 
with temperature, (Pr,/Pr,,)®-25, is not valid. 

For gases the effect of the variation of physical properties 
on the intensity of heat transfer can be accounted for by in- 
troducing the so-called temperature factor [3]: 


= 2.74 x 10% > 106. 


Tw ty +273 
=F = 4088 


with cooling and 0.5< 8 <1 
Nu = Nu; (1.27 — 0.278); 
with heating and 1<90<3.5 (5.43) 
Nu = Nu@-°85 | 


where Nu; is the Nusselt number at constant phys‘cal prop- 
erties: 
Nuy = 0.021 Re? * pret? , 
In. the case considered 
[ 
Inc ao = vee = 5A 


and from the table for formula (5-7) we find e, = 4.24. 
Hence, 


Nuy = 0.024 (2.74 x 1049-8 x 0.8043 x 4.94 = 73.8: 


_ 2504273" _ 9 eg, 
O= WT TF 0.54; 
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Nu = Nu, (1.27 — 0.27 @) = 73.3 (4.27—0.27 x 0.51)=83, 


and the — coefficient 


0.0871 
= 83 0.597 


5-56. Under sendiiiens of problem 5-55 how will change 
the coefficient of heat transfer by convection, if the pitch s, 
is increased two and four tims. The pitch s, and all other 
conditions of the problem remain unchanged. 

Answer 


eer = 14.3 Wim?-°C; ay,, = 9.9 W/m?-°C. 


9-57. Under conditions of problem 5-55 how will change 
the local coefficient of heat transfer by convection, if the 
diameter of the tubes is diminished two times. All other 
conditions of the problem remain unchanged. 

Answer 


a= Nut =13 W/m?.°C. 


a’ -= 11.3 W/m? -°C. 
0-08. A tube having an inside diameter d = 46 mm carries 


air eth at a high velocity, The rate of air flow G = 
= 0.2:ke/s. 

The thermodynamic temperature of the air at the tube 
inlet t, = 1200°C. The tube wall temperature t,, = 350°C. 


The inlet air pressure p, = 750 mm Hg and the outlet air 
pressure p, = 510 mm Hg. 

How long should the tube be, to ensure a thermodynamic 
outlet temperature ¢, = 750°C? Also determine the Mach 
numbers at the inlet and outlet of the tube. 

Answer 


1=2.5m; M,=0.66; M, = 0.814. 


Solution 
The inlet and outlet air pressure 


P, = 760 X 13.6 x 9.81 =1 x 108 Pa; p, = 510° 
x 13:6 x 9.81 = 6.8 x 10° Pa. 
The density of air at the tube inlet 


Pi ="Rpy = are (200 F27a) ~ 0-236 ke/m’, 
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and at the tube outlet 
Pa = Bry = 274 150 TaiG = 0-234 kg/m", 
where for air the gas constant R = 287.4 J/kg-°C. 
The air velocity at the inlet 


= Saat = VO KSA GO XIE 


at the outlet 
We = wo = 910 a == 910 m/s. 


The velocity of ate and the Mach numbers: 
a, = VERT, = 20.1 VT, = 20.4 V 1473 =770 m/s; 


a TT 


My =: 22 = 2 ~ 0,81, 
a2 


Stagnation temperature 
a eee ey = 1473 + y= = 1473+ 107 = 1580 K, 
where at % = 1200°C c,, = 1.21 kI/kg-°C 
ve=T a+ = = 1023 -+ ~ 2 = 10234 118 = 1141 K, 
where at f, = 750°C cy, = 1.145 kJ/kg -°C 
The logarithmic mean difference. between stagnation tem- 


peratures 


2.3 log ee ee 2.3 log 77653 653 


The mean arithmetic air temperature 
T — 0.5 (7, + 7,) = 0.5 (1473 -+ 1023) = 1250 K 


or _ 
t = 1250—273 = 977°C. 
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‘Under the given conditions the heat-transfer coofficient 
can be calculated approximately by formula (5-13), where 


taken as the reference temperature is ¢, and the heat-transier 
coefficient is related to the temperature difference Avigg- At 


f= 977°C Ay = 7.97 X 10-* Wim-°G, py = 48.5 xX 10-Pais, 
Cpy = 1.182 kJ/kg -°C, and the Pendt] number Pr, = 0. 719. 


WG 4x 0.2 
Rey = Fay = SIUK TER AO ARMED IOS = 14 x 108 


Assuming that the ratio l/d > 90, we find: 
Nu; = 0.021Re?-8Pr0-4? = 0.024(4.14 x 10®)9-8(0.719)0-43 a 204, 


The correction for ? nn factor by formula (5-43): 
with cooling of the 


Nu = “a (4.27—0.27@), 


Thus, 


Nu = 204 (1.27—0.27 x 0.5) = = 204 X 1.13 = 231; 
on = Nut = 231 Tar X10 = 400 W/m?.-°C, 
The rate of heat flow 
qa AVog = 400 X 717 = 2.87 x 10° W/m?: 
The amount of heet transferred 
Q = Gepy (Vv; — vq) = 0.2 x 1185 (1580 — 4441) = 1.06 x 
x 10, W. 


where 


a 
The hoat-transfer surface 


Fm 2 me XE = 0.362 m?, 


The walmown length of the tubo 


0.362 
bmn XLS IOS = 2-9 mo. 


5-50. A tube having a diameter d = 14 mm and length 
i = QD mca carries mercury flowing with velocity w = 
= 2.5-m/s. The mean temperature of mercury t; = 260°C. 
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Determine the coefficient of heat transfer from the mer- 
cury to the wall of the tube, the rate of heat flow and the 
quantity of heat transferred per unit time, on condition 
that the mean temperature of the wall ¢,, == 220°C. 

Answer | 
a= 24 000 W/m?-°C; g = 7.2 x 10° W/m?; Q = 28.4 kW. 
. Selution 
\ 4t the mean mercury temperature t; = 250°C its physical 
properties are: : 
vy = 7.55 x 10-® m/s; Ay = 14 Wim-°C; Pry = 1.24 X 
. 4 x 1072, 
The Reynolds number 


_ wd — 2.5K 14K 109 ane 


The mercury is in turbulent flow. 

With pure liquid metals in turbulent flow in tubes the 
_heat-transfer coefficient can be calculated by the following 
formula [16]:* 

Nu; = 5 + 0.025Pey"*. (5.44) 

In the case considered . 

Pes = Re,Prs = 4.63 « 10° x 1.24 x 10-* = 5750; 
Nu, = 5 + 0.025 (5750)°-8 = 30.5; 


, y 41 ° 
é= Nuy—t = 30.5 xis = 24000 W/m?.°C. 


The rate of heat flow 
g=ua (tz; — t,) = 2.4  10°(250 —-220) = 7.2 x 10®W/m?. 
The amount of heat transferred 
Q = gndi=7.2 x 108 x 3.14x 14x10 x 0.9=28.4 kW. 


5-60. The heating surface of the heat-exchange apparatus 
- of an atomic power plant is built-up of tubes having the 
inside diameter d = 12 mm and length ! = 2400 mm. The. 


* In the case of contaminated liquid metals and in the presence 
of an additional contact resistance the heat-transfer coefficient dimi- 


nishes, and it can be calculated by formula Nu, = 4.5 + 0.014Pe9-8. 
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tubes carry liquid sodium at the mean temperature t, = 
= 400°C, flowing with the mean velocity w = 2.5 m/s. 
Determine the coefficient of heat transfer from the so- 
dium coolant to the wall of a tube. 
Answer _ 
a. = 46000 W/m?-°C, 


5-61. Under conditions of problem 5-60 determine the 
heat-transfer coefficient if, instead of sodium, lithium or 
an alloy is used, ‘of a composition 25% Na + 75% K. 

Answer 


14= 47 400 W/m? -°C; ONa+K = 23 600 W/m?.-°C. 


5-62. In an experimental plant, used to determine heat 
transier in liquid metals, a tube having a diameter d = 
= 12 mm and length / = 1 m carries liquid bismuth. The 
tube is heated with the aid of an electric heater; the rate of 
heat flow on the wall is constant along the tube and amounts 
to go = 6 x 10° W/m’. 

Determine the temperature of the wall at the tube outlet, 
if bismuth inlet temperature ¢,, = 300°C and the rate of 
bismuth flow G = 2.2 kg/s. 

Answer 


bos — 396°C. 
Solution | 
At a constant rate of heat transfer through the wall of 


the tube the bismuth outlet temperature is determined from 
equation 


: a 
L sq = bey -+ “Gan > 
The heat capacity of bismuth depends but slightly on tem- 
perature; at t,, = 300°C cp, = 154 kJ /kg-°C. 
Substituting the known values, we find: 


6 x 105% 3.14 x1.2xX40°X1.0 an _ 
At the outlet temperature t,, = 368°C the physical pro- 
pé¥ties of bismuth are as follows: yg = 15 X 10 Pass, 


Ags = 14 W/m- °C, Coys — 154 J/kg-°C, Pris —= 1.62 bod 
x 10-*. 7 
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The Reynolds number at the tube outlet 


Re. 44 = 4X 2.2 _ 
a dy, 3.14X1.2% 1072 15 x 10-4 


= 1.56 x 105 > 10: 


the pattern of flow is turbulent, and the coefficient of heat 
transfer at the tube outlet is calculated with the aid of 
formula (5-14): 
Peg = ReygPryg = 1.56 x 10° X 1.62 x 10-* = 2530; 
Nuys, = 5 X 0.025 (2.53 x 10°)’® = 18.2; » 


_ his 14 r 
Og = Nuyg “2 = 18.2 pg = 24 200 W/m?-°C. 


The temperature of the wall at the tube outlet 


_ 6 x 105 
tua = tet = 388 + soe 


= 368+ 28 .3=396 .3 °C. 
5-63. A tube having an inside diameter d = 10 mm and 
length = 1 m carries sodium. The tube is heated with an 
electric heater; the rate of heat flow is constant along the 
tube and amounts to q, = 1 x 10° W/m'*. The temperature 
of sodium at the tube inlet ¢,, = 300°C. 
_ What should the rate of liquid sodium flow be, to ensure 
a i temperature ¢,,,at the end of the tube not exceeding 


Answer 
G>0.3 kg/s. 


0-64. Compare the Nusselt numbers and the heat-transfer 
coefficients calculated for water, air and liquid sodium in 
turbulent flow in a round tube at Reynolds numbers ranging 
from 10* to 10°. , 

Carry out the comparison considering flow in a tube having 
a diameter d = 20 mm; water flows with a mean tempera- 
ture along the tube t, = 20°C; air flows at atmospheric 
pressure and a mean temperature t, = 100°C; and the mean 
temperature of sodium t, = 350°C, | 


YO—0215 
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f 


Calculation results are tabulated 


Answer | 
below and presented 
graphically in Fig. 5-40. . | 


Fig. 5-10. Solution to problem 5-64 


Nu a, W/m. °C 
Re 404 405 40° 404 105 406 
Water 77.3 487 | 3070 | 2310 |414600 91 800 
Air 28.4 179 | 4430 : 91.3; 575 | 3630 
Sodium 5.66 9.16 | 31.3 : 19000 | 30800 | 105000 


9-69. A horizontal steel pipeline having a diameter 
d,/d, = 50/57 mm -carries water flowing with a velocity 
w = 0.15 m/s. The mean water ‘temperature ?t,, = 100°C. 

The pipeline is lagged (insulated) with asbestos, the out- 
side diameter of the lagging d, = 89 mm (Fig. 5-11). 
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Determine the loss of heat from length of 1 m of the pipe- 
line g,, W/m, if the temperature of the still air surrounding 
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"Fig. 5-11. Solution to problem 5-65 


the pipeline t;, = 20°C. Also determine the surface tem- 
peratures of the pipeline and asbestos lagging ¢..., fws and 
biog: 

Answer 


g, = 66 W/m: toy & tog © 99.7C; tog = 59.3°C. 


Solution 

The coefficient of heat transfer from water to the inner 
surface of the pipeline: 

at = t,, = 100°C =v , = 0.295 x 10+ m*/s, Aq = 
m 0.683 W/m-°C, Pry = 1.79; 


_ way 0615 KO K107 
Rep ab en Ope 2-54 x 104 


Water is in turbulent flow and calculation formula (5-7) 
is used. 

Taking into account that the coefficient of heat transfer 
from water to the inside surface of the tube will exceed con- 
siderably the local coefficient of heat transfer from the outer 
surface of the insulating lagging to the surrounding air, and 
allowing for the preserice of the asbestos insulation, we can 
— that ¢,,, ~ t;, and, consequently, Pr... ~ Pry, 

en | 


Nu, =0.021 Re9-#Pr2-43 —0.021(2.54 x 108)0-8 4.75043 = 90 
10° 
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and 


ay = Nuyy Ht = 90 SS, == 1230 W/m?. °C. 


) Y% pe 

Heat is transferred from the outside surface of the insula- 
tion to the surrounding air by free convection. Since the heat- 
transfer coefficient depends then on the temperature diffe- 
rence At = t,,3 — tg, and the temperature ¢,,, is unknown, 
the calculations are carried out by the method of successive 
approximations. 

Allowing for a, > @,, we assume as the first approxima- 
tion twa a 65°C. 

The heat-transfer coefficient is determined by formula 
(7-4) derived for a horizontal tube: 


Nu, = 0.5 aid , 
At. bys — 20°C 


—{, 
Ba = ey = om X , 

Veq = 15.06 x 10 m/s; Ay, = <a x 10-2 W/m.-°C; 
| Pry, = 0.703; 
(GrPr) = gPy, —e —_ 


_ 9.81(65— 20 (8.9 x 10-2) 


Nuys = 0.5 (3.3 x rors = 24.2; 
 dg=Nug “ft f= 24 2229 419" = 6.47 Wim?-C. 


8.9 x 1073 
The overall heat-transfer coefficient (first approximation 
1 
k, — 


Ind, 1 Indy 
aati i, dy | 2g dg! tor 


| { 
a j 2.3. 57. 23 89 1 = 
TIO XS KIO” KqS BOT EXO glee 571 6.47x8.9x 10-7 
= (0,266 W/m.-°C, 


where for steel oo = 46 W/m-°C; and for asbestos A, = 
= 0.116 W/m-° 
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With k, = 0.266 W/m.-°C the rate of heat flow from length 
of 1 m of the tube will amount to: 


q1 = kin (ty, — ty) = 0.268 x 3.44 (100—20) = 67 W/m, 


where as a first approximation, the temperature ¢,,, will be: 


q 64 
bus = tpt Gady 
67 


= 20+- s4qIR OT xB KIO 98.9 1. 


As the second approximation we assume t,,, = 59°C, then 
(GrPr),, = 2.86 4 10°; Nuys — 20.6; Qe a 6.0 W/m!?.°C. 
Substituting into the formula for kf, this value of ag, 


we get: 
k, = 0.263. 


Since, as the second approximation, the value of the overal! 
heat-transfer coefficient coincides practically with the pre- 
viously obtained value, no further calculations are necessary. 

Now we find the rate of heat flow and surface temperatures: 


q, = 0.263 x 3.44 x 80 = 66 W/m; 


_ 66 = On. 

= 20-- 3.44X6X 8.9 x 1073 = 59.3 °C; 
7 1 a 

toe = twos + hi = 


2.3 log se = 99.7 °C; 


q 4 
tos = tw +O - aR In f= 


66 o7 ° 


9-66. How will. change the loss of heat g,, W/m, and the 
temperature of the outside surface of the lagging ¢,,,, under 
conditions of probfefa 5-65, if the thickness of the asbestos 
lagging is doubled, and all other conditions remain un- 
changed? | 


66 
= 99 .3-++ saa KO TIE 
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Answer 

qg,; = 51.5 W/m. The loss of heat from the surface of the 
asbestes lagging will diminish by about 22 per cent; ¢,,, 
will be 4.8°C, i.e. the temperature of the outside surface 
of the inawlation will decrease by about 12.5°C. 


5-67. A pipe having a diameter d,= 12 mm carries water 
at a pressure p = 24 MPa. Theo rate of water flow G = 
== (), 15 kg/s. The bulk temperature of water in the section x 
at a distance z > 15 d from the inlet into the heated section 
of the tube 2, = 380°C. 

Determine the local heat-transfer coefficient «, and the 
local value of the rate of heat flow on the wall, Gwsx, in the 
section of the tube considered, if it is known that the local 
temperature of the wall in this section t,,, — 390°C. 

It may be assumed that heat transfer takee place under 
regular-regime conditions, i.e. that g/pw < (q/pw)., and, 
consequently, there is no local deterioration of heat transfer 
(see problem 5-70) and free convection is immaterial for the 
process of héat transfer. 

Compare the value of a, with the heat-transfer coefficient 
_ Go, calculated at constant physical properties by the formula _ 
which is valid for the region at a distance from the critical 


(p < Per). 
Answer 
« = 3.3 xX 10 W/m!?.°C; wos Me < 10° W/m!; 
OLhy AUT 
Solution 


With water in turbulent flow in tubes at supercritical 
pressure under heating conditions heat transfer can be cal- 
culated with the afd of the following formula [5): 


mane) (FI. 619 


where Nu, is the Nusselt number at constant physical prop- 
erties of the fluid considered, calculated by formula (5-8) , 


3 
= Re,Pry 


Nu = ———_,=--____—__ 
12.77/ © Pr? 1) 44.07 
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where § == (1.82.log Re — 1.64)? is the friction factor; 


= tip — ly 
op ey 

is the integral mean heat capacity in the temperature inter- 
vai from tf, to f,,; i,,, iy are the enthalpies of the fluid respec- 
tively at temperatures ¢,, and ?#;; 


m= 0.35 —0.05 =, 
Per 


where p., = 22.12 MPa is the critical pressure of water. 
Formula (5-15) is valid for water at +/d > 45, 1.08 < 
_ Spl per S 1.4, 0.6 ST7j/Ty, S1.2, 0.6 < T/T» < 1.2, 
when free convection does no affect materially the process of 
heat transfer, which agrees with the condition Gr/Re* < 0.6 
dor the so-called regular regimes of heat transfer as well. 
T, and T,, are the temperatures of the fluid (liquid or gas) 
and wall, measured in degrees K; 7',,, is the pseudocritical 
temperature, K. i.e. the temperature at which heat capacity 
is maximum at a given pressure. 
When 7; < T,, << 7T,, formula (5-15) is valid at ¢,/py << 
< (qw/Puwer, where’ (¢../Pw)er is the critical ratio of the 
rate of heat flow to mass velocity, and when the ratio ¢,,/p,, 
exceeds the critical, the local deterioration of heat transfer 
Under s conditions assumed, at p = 24 MPa, the pseudo- 
critical temperature ¢,, = 380.7°C; at t; = 380°C the physi- 
eal properties of water are as follows: 


vy=2.59X10* mi/kg; iy=2028 kJ/kg; cpy 6838 kI/kg-°C;. 


Ay = 0.269 W/m-°C; p, = 4.68 x 10 Pa-s; Pr, = 11.9. 
At ty, = 390°C v, = 5.619 x 10* mi®/kg, 
= 2505 kJ/kg. 
The local Reynolds oumber 


i, = 


~ wang EX 12% 10-8 x 4.68 X 10-5 =3,4 x 10%; 


the water is in turbulent flow. 
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a eee 


The relative values of the wall and fluid temperatures are 


rs 380 -L- 273 653 

Tm 380. a = 953.7 © 9. 999; 
Tw 
T., 653. ee 03; 


Thus, 7,<( T,,< T,,. Taking into account the fact that 

the conditions of the problem prescribe 7,,/P » < (dw/O wer 

and Gr/Re? < 0.6, calculation formula (5-15) is used. 
First we determine Nup~ and @, by formula (5-18): 


E = [4.82 log (3.4 x 10°) —1.64] 2 = 1.41 1072: 


3 ; Rios , 
$51.76 x 10%; Y/ 24.2 107; 


1.76 x 10-5 xX 3.4 x 105 & 11.9 


NUox = 12.7% 4.2 x 10-244 .97/9— 4) 41.07 


= 2155; 


A 
Gos, = Nulgg = = 2455 gpg = 4.83 x 10¢ W/m?.°C. 
We determine the multiplier in formula (5-15), allowing 
for the effect of variation of physical properties of water over 
the cross section of the flow: 


— \Q9.4 
Cpof Py : 
- bin — ly 9505 — 2028 


p= = 0a 8? kJ/kge C. 


Cpf 68.4 ~ 
P» UF _ 2.596 x 10-° . 
“Pf Ww ~—s«S. 619 X 10°38 aiieties 
0.05p : 
m = 0.35 — °F —0.35—0.05 sy-ay = 0.296; 


p =(0.7)°'* (0.464)? 79° = 0.69. 
The local Nusselt number and the heat-transfer coefficient 
Nuys, = Nuo.p = 2155 x 0.69 = 1485; 


r 
Oy = NUye = 1485 7s = 3.33 x 106 W/m. °C. 
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The local rate of heat flow 
uz = Osltus — ty.) = 3.33 x 10* (390—380) = 3.33 x 
<x 10° W/m". 
The ratio of the heat-transfer coefficients 


Sz 0.69. 
AH 


5-68. Determine the local heat-transfer coefficient and 
the local rate of heat flow for water flowing in a tube at 
supercritical pressure, as treated in problem 9-67, if the 
local wall temperature in the section considered, t,. = 
= 420°C, and all other conditions of the problem remain 
unchanged asin problem 5-67. Compare calculation results 
with the answer to problem 5-67. 

Answer 


a, = 2.05 x 10 Wim?-°C; q,. = 8.45 «x 10° W/m!; 
Aaja, = 0.43, 


An increase in the temperature difference results in a lower 
heat-transfer coefficient, but the rate of heat flow on the 
wall rises. 


5-69. Determine the local heat-transfer coefficient and the 
local rate of heat flow for water flowing in a tube at subcri- 
tical pressure under conditions of problem 5-67, but if the 
water is at a pressure p = 30 MPa. 

Calculate for the same rate of water flow G = 0.15 kg/s,- 
assuming a water temperature ¢, = 400°C and a wall tem- 
perature t,, =440°C, i.e. at about the same ratios 7/7, and 
T,/T , a8 in problem 5-68. Compare calculation results with 
the answer to problem 5-68. 

Answer 


oe, = 1.9 x 104 W/m*-°C; gus = 7.6 x 10° W/m?; 
a, = 3 X 10 W/m?.°C. 


Thus, at about the same Reynolds numbers Re, and ratios 
T,/T,, and 7T,,/T, at a pressure p = 24 MPa (p/p,, ~ 
sz 1.08) a,/a, ~ 0.43, and ata pressure p = 30MPa (p/p... = 
sz 1.36) aJa, ~ 0.64. | 
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3-70. Water, flowing through a heat exchanger at a rate 
G = 1.0 kg/s and a pressure p = 24 MPa, must be heated . 
from a temperature ?,, = 375°C to a temperature t,, = 
= 390°C. The water is in upward flow through n = 20 verti- 
cal tubes having a diameter d = 10 mm and length / = 2.5m. 
Water is to be heated under the conditions of a constant 
rate of heat flow on the wall, ¢,, = const. 

Determine tls magnitude of g,,, W/m', required, and check 
whether at this value of qg, the local deterioration of heat 
transfer may take place in any section along the tubes. 


The effect of natural convection on heat transfer is to be 
ignored. 


Answer 


Gw = 4 X 10° W/m*. Heat transfer will not be impaired, 
since gy <{ Ger © 5.7 X 10° W/m’. 
Solution 


At p = 24 MPa and jalet and outlet temperatures ?,, = 
= 379°C and ts. = 390°C the inlet and outlet enthalpies of 
water are respectively: 

iy, = 1875 kJ/kg, t,, = 2505 kJ/kg; 
Ai = iyg — iy, = (2505—1875) xk 10° = 630 x 10° J/kg. 

The required amount of heat transferred in one tube 


Q= = A= Zs x 630 x 10° = 3.15 x 10¢ W. 
The required rate of heat flow 


_ @ _ BB AOR : 
Iw = dr XI KOA aS — *% 10° Wim? 


Heat transfer may be deteriorated at temperatures 
ty; <i ty, < t, and if the ratio q,,/p, exceeds some critical 
value (q¢./p,)-r. The value of the ratio (¢,,/p..)-- can be 
approximately evaluated by the following formula (21): 


(£2) 0.034 (42), VE. (5-16) 


where (c,/B>)tm is determined at the temperature /,,. 
Formula (5-16) is true for the case of upward fluid flow in 
vertical tubes*. 


* More detailed data on the application. limits for formula (5-1) 
can be found in [24]. 
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At p = 24 MPa t,, = 380.7°C and, since acéording to the 
conditions of the problem, tr << tm, and ty, > f,,, on some 
section alomg the tubes t, << t,, << t,,. It is, therefore, neces- 
sary to Yoheck with the aid of formula (5-16) whether ¢, 
exceeds the critical value. 

At the given pressure the maximum heat capacity (¢,),, 
and the quantity (f,),, cannot be determined with sufficient 
accuracy from tables (see the Appendix). Therefore, aHlow- 
ing that 


it is convenient to present the ratio c,/B, in the following 
form 


Cp Cp ot _ a; Sa At 
Bo — = POF: 
Taking into acceunt that p = —, we find from tables that 


te = 380.7°C, p» = 344 kg/m"; 
at t = 380.7 4 = 379.7°C p = 305.6 kg/m’, i = 2012:4 
kJ/kg: 


at t = 380.744 =381.7C p = 286.8 kg/m*, i= 
== 2904.3 kJ/kg. 


Ai = (2201.3—2012.4) ~ 189 kJ/kg; 
Ap = 286.8—395.6 = — 108.8 kg/m’. 


(¥ ~ | tn —(p-At), =346 i, 598 J/kg. 


Te calculate the friction factor £, we determine with some 
margin the greatest value of the Reynolds number, i.e. we 
determine Re, at the outlet from the tubes. At th == 390°C 
uy = 3.24 X 10 Pa-s and 


| 4G;  £x0.6 
sa? ioe 7 dn ars capa 1.97 x10" 
where the rate of water flow through one tubo 
G=-£= = a = 0.05 ke/s. 
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== (1.82 log Re — 4.64)? = [1.82 log (4.97 x 10°)—1.64]* 
= 4.57 x 10-3 


V bay PR 4.43 x 107. 


‘ Substituting the determined values into Eq. (5-16), we 
nd: 


(22) = 0.034 x 5.98x108x 4.43 x 10-* = 900 J/kg. 


The mass velocity 


_ 4G, 4X05 ; 
Pio = Sat = nXxdx doa = 087 kefm?-s 


The-critical heat flux 


Qwer % 900 K 637 w 5.7 x 108 W/m!. 


Since gy << Qwer, nO local deterioration of heat transfer 
shall take place. 


9-71. Determine the rate of heat flow required, g,,, W/m’, 
and check whether at that rate of heat flow there may occur 
a local deterioration of heat transfer in the heat exchanger 
considered in problem 5-70, if the rate of water flow and the 
diameter of tubes are increased respectively to G = 2 kg/s 
and d = 16 mm. The length of tubes and the water inlet and 
outlet temperatures are not changed. 

Answer 


Qo = 9 X 105 W/m*; g.p w 4.4 = 105 W/m'*. 


Since ¢y ->@.-r heat transfer may deteriorate and a danger- 
ous local increase in the wall temperature may take place. 


5-72. Determine (approximately) the magnitude of the 
ratio (¢,,/p..) below which there will be no local deteriora- 
tion of heat transfer on sections of a heated tube, carrying 
water in upward flow at pressures p = 24 MPa and p = 
= 30 MPa with the Reynolds mumber ranging from 3 xX 
x 10° to 3 x 10°. 

Answer 

At Re = 3 x 10*’and 3 x108 and p = 24 MPa (9! wo)er | 
ow 1100 and 8654. J/kg; at p= 30 MPa (q¢,,/Pwler 1 
1000 J/kg respectively. 
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5.73. A vertical tube having a diameter d = 14 mm car- 
ries water in upward flow at a pressure p = 24 MPa. The Tate 
of water flow G = 0.2 kg/s. Water is heated, maintaining 
a constant rate of heat flow through the wall Guy = 1 &X 
<x 10° W/m’. 

Determine the tube wall temperature ?,,, at a distance 
z >> 15d from the inlet into the heated section, if it is known 
that the mean bulk temperature of water in ‘the section of 
interest t,, = 370°C. 

Answer 

tox == 408°C. 
Solution 
At a pressure p = 24 MPa and ?¢;, = 370°C 


tr, = 6.34 x 107° Pa-s 
and the Reynolds number 


R0y_ = ae = ne = 2.87 X 108. 


The water is in turbulent flow and, since p > p,,, the rate 
of heat transfer can be calculated with the aid of formu- 


Ja (5-15): 
0.4 
Nu,. = Nu | 2 | Pwo rg 
sa Nu, (&)'" (22) 


However, since to determine the Nusselt number from for- 
mula (5-15), the wall temperature must be known, the above 


equation must be solved together with the following expres- 
sion: 
= Wwx 
Qs tina — tex . (a) 

Calculations can be carried out by the method of succes- 
Sive appoximations or graphically. Let us use the graphical 
method. 

Let us assume a number of values t,,, = 390, 400, 410 and 
‘420°C. Then, we determine the rate of heat flow for each of the 
assumed values of tw by formula (5-45) and by formula (a). 

Let t,,. = 390°C. At p = 24 MPa and t,,, = 390°C vu, = 
= 5.619 x 10-° m*/kg, i, = 2505 kJ/kg. At tj, = 370°C 
vy = 189 x 10% wmVkg, i, = 1805 kJ/kg, A, = 
= 0.396 W/m-°C, ¢p, = 11.8 kJ/kg, Pr; = 1.89. 
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The resistance factor. 
E = (1.82 log Re — 1.64)~ = [1.82 -log (2.87 x 40*)— 
— 1.64]-? = 1.46 x 40-*. 


According to formula (5-8), the Nusselt number 
& ReyPr . 
Fate oll 
a ice. 
12.7 V £er¥—1) 41.07 


1.46 x 107", 
5 2.87 x 108 x 1.89 


”- / oe = 733. 


(1. 392/3 _ —1)41.07 
The integral mean capacity 


~ dw—ty  2505— 1805 o 
P= tay 890—310.— PMNs 


ep 
‘py Tf Tam 2. a7. 


Relative temperatures of the fluid and wall. At p = 
= 24 MPa and ?#,, = 380.7°C and 


- 370 +273 (ier 
“380.7 x41735 = gq 0: 984; aed coe vw 1.043. 


The ratio of densities 


Py Up 5.02 


Aceording to oat (5-15), the Nusseit number 
Nu, = 733 (2.97)°-* (0.336) °-2% = 733 x 1.42 = 820. 
At t, = 390°C the heat-transfer coefficient is found from 
formula (5-15) to be equal to | 


Pe 0.369 : ° 
a, = Nu,—- = 820 Texto ieakes 404 W /m?.- C, 
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and from formula (a) . 
, «Iw = 7x 105 _ of 
im htt gga = 3-5 108 Wit °C, 
Similar calculation results for t,,. = 400, 440 and 420°C 
are presented in the fellowing table: 


Z-x10-4, | ax 10-6, 
fue-°C | Wimt-°C 


_ The calculation resylts are used to plot a, and @;, as a func- 
tion of the temperature ty. (Fig. 5-12). The unknown 


W/ m?-"C 


value of tos = 408.5°C is 
represented by the point at 5 
which the two curves in- 
tersect. 30 
At p =,24 MPa the pseu- 
docritical temperature ¢,=— 95 
=: 380.7°C. Since, accord- 
ing to calculation, results, 99 
ts<lty<cty,, itis necessary 
to cheek whether the given ; 
rato of heat flow does not 
exceed the critica! rate of 72 pee cee jt 
flow. . . 590 400 $10 % 
Using the solution ‘for Fig. 5-12. Solution to problem 5-73 
problem 5-70, we find that ; 
at p = 24 MPa, formula (5-16) yields for water 
(=) = 5.98 x 104 Tike, 
Bp tn 
whence jt follows that 


_ &) 0-04 (FE), E= 
= 0.034 x 5.98 x wll oJ, 
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In the problem considered Re, = 2.87 x 10°; 


4G 4x0Q.2 
V $= 4.27 x10, pw = = 100 


and @.r ~ 2.10 xX 4.27 x 107* K 1.3 K 10° w 1.1 x 
< 10° W/m’. 


It follows that g, = 7 x 10°< q,,, no local deteriora- 
tion of heat transfer shall take place and the u use of formu- 
la (5-15) is. justified. 


0-74, A tube having a diameter d = 4 mm carries carbon 
dioxide at a pressure p = 10 MPa. The tube is being heated 
at an approximately constant rate of, heat flow.on_ the wall. 
In sections z at a distance of x > 20d from the inlet into the 
heated section of the tube the local Reynolds numbers,mean 
bulk fluid temperature and wall temperature are respectively 
Re, = 2 X 10°, t,, = 22°C, tye = 227°C. 

itacdins the ratio of the local Nusselt number to the 
Nusselt number at constant physical properties of the fluid 
involved, Nu;/Nu,, and the magnitude of the local heat. 
transfer coefficient in the cross section considered a,, 
W/m?.°C. It is to be assumed that natural convection does 
not affect materially heat transfer. 

Answer 


Nu,/Nu, ~ 0.49; a, = 7100 W/m?-°C. 


Solution 

The critical pressure of carbon dioxide p., = 7.39 MPa, 
consequently, heat transfer proceeds at p > Der. 

With carbon dioxide in turbulent flow in tubes under super- 
critical pressure, for the case of heating, heat transfer can 
be calculated by the following formulae (5, 6]: 


Nu; = Nu, ( 22 ] ( 22 Qn, (5-47) 
Sof f 


where Nuo, the Nusselt number at constant physical proper- 


ties, the ratio of heat capacities (c,/c,;), the ratio of densities 


ow/P; and the exponent m are determined the same as in 
formula (5-15); 
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nis the exponent depending on the relative wall and fluid 
temperatures, 7',,/T,, and T ,/T,,, where T,, is the pseudocri- 
tical temperature, K. 

At Ty/Tm Si or T/T > 1.2 n = 0.4; 

at 1<. 7,/Tea S 26 and 7,/Tm<1n=n, = 0.22 + 
+ 0.48 7./T mi. 

at 1 < 7,/T, < 2.6 and 1<.7,/T, <1.2 n=n,+ 
+ (5m, — 2) (4 — Ty/T mn). 

The values of n, as a function of the ratio of absolute 
‘temperatures, are given in the following table: 


T/T 


m 


4 | 0.436] 0.472] 0.508] 0.544 10.580] 0 
4 | 0.420] 0.458] 0.486] 0.515] 0.544] 0. 
.4 | 0.423] 0.443] 0.465 | 0.486] 0.508] 0. 
4 | 0.414| 0.423| 0.4431 0.458 10.4721 0 
4 | 0.407| 0.414] 0.422| 0.429 | 0.436 | 0 
4104 |04 |0.4 10.4 |0.4 |o 


ee ee ee ee 
Son & & 


e, is the correction for the initial section. If the heated section 
is preceded by asection of hydrodynamic stabilization, then [6) 


e, = 0.8640.54 (=)-0.4. 


The above formula is valid at 2 < 2/d < 20. At z/d > 
= 20 ee, = 1. 

Formula (5-17) is valid for carbon dioxide at 1.06 < 
S pi/Per S 5.25, 0.9 ST,/T,, S1.2, and 0.9 < 7/7, < 
< 2.6, when natural convection does not affect materially 
heat a which corresponds to the condition Gr/Re? < 
< 0.6%, 

Under the conditions considered, at p= 10 MPa, the pseu- 
docritical temperature t,, = 45°C; at t;, = 22°C (T;, = 


* More detailed data on the application limits for formula (9-17) 
can be found in [5]. 


11-0245 
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ws 295 K) the physical properties of carbon dioxide are: 
py = 842.9 kg/m; cp, = 2.7 kI/kg-°C; 
y= 550 kJ/kg; he = 0.0977 W/m:°C; Pr; =z 2.21. 
At tye = 227C (Tyx = 500 K) i, = v65.8 kJ/kg; 
9» = 113.1 kg/m *. a 
Calculations ‘gre carried out with the aid of formula (5-17), 
bret determining “Nu, by formula (5-8). 
$= (1.82 log Re— 1.64)? = 
= [1.82 logi(2 x 410°) — 1.64)? = 14.56 x 10°; 
£/8=1.95x 103; YE&/8=4.41 x 10°. 


- Re;Pry 


et kasha 
12.74/ © (erd/9—1) 44.07 


4,95 >¢ 1073 x 2 x 105 x 2.24 590 
Se 373 : — : 
42.74.44 X 10-2 (2.242/3 — 4) 44.07 


Let us determine in formula (5-17) the multiplier, account- 
ing for the variation of the physical properties of carbon 
dioxide over the cross section of flow: 


=(ea) 48)" 
= Cpf Py : 


Cp a a 2-08 kJ /kg-°C; 


tw — ty 221 —22 
Cy 2.03 
| ee 2 = 0,753; 
22-4273 295° 7 _ _ 
D y[P yy = Ae = ee = 0,928; T/T =500/318 = 1.57. . 


Since 7/7, <1 and 1<(Tu/Tm<2.6 then 
n = 0,22 + 0.487 w/Tm = 0.22 4+ 0.18 x 1.57 0.5; 
. Pw 113.0 _ Qh 
| te gag — 0-134; 
| P oe 10 = (1) YR9- 
i= 0.35 —0.05 5 — = 0.38 — 0.05 x 35 = 0282; 


- @ = (0.735) (0,134)? = 0.494, 
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Under the conditions of the problem z > 20 d and, conse- 
quently, e, = 1. The local Nusselt number and the heat- 
transfer coefficient 


Nuy, = Nugp = 590 x 0.494 = 291; 


9.77 X 10-3 
4.10-3 


5-75. Determine the ratio of the local Nusselt number to 
the Nusselt number at constant physical properties, 
Nuj;./Nuo, and the magnitude of the local heat-transfer coef- 
ficient a, under the conditions of problem 5-74, but assu- 
ming the mean bulk temperature of carbon dioxide to be 
tr, = 43°C and t= 67°C. 

Answer 

At b tx = 43°C hy *- 4610 W/m?.-°C, Nu,/Nug = 0.349, 
at ty, = 67°C, a, = 3570 W/m*-°C, Nu,/Nu, = 0.641. Based 
on the solutions of problems 5-74 and 5-75, the variation of 
Nu;/Nu, and @,, depending on 7,/T7,,, is illustrated graphi- 
cally in Fig. 5-43. 


cae [TTT TT 
WONT 
Tis “2mm 


A 
a, =Nuy, > =294 = 7100 W/m?-°C. 


0.6 
eodhelexhveKn kal: 


(Fig. 5-13. Solution to problem 5-75 


0-76. Find the dependence of the ratio of the local Nusselt 
number to the Nusselt number at constant physical proper- 


11° 
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‘ties, Nu,/Nu,, on the relative wall temperatre 7,,/T » for 
carbon dioxide in turbulent flow in a round tube. 

The calculations should be carried out assuming a pressure 
p = 10 MPa, for a cross section at a distance from the inlet, 


SNGSE 
9 Ww fi 12 13 14:15 16 
Fig. 5-14. Solution to problem 5-76 


the mass temperature of the carbon dioxide ¢t, = 17°C and 


the following wall temperatures: t,, = 27, 44, 67, 127 
and 227°C. 


Answer 


Calculation results are tabulated below and illustrated 
in Fig. 5-14: 


Le a ee 27 44 67 127 227 
| de ere 0.944 0.997 1.07 1.26 1.57 
Nus/Nup .. 2... 1.005 1.035 0.874 . 0.646 0.541 


3-77. Determine the heat-transfer coefficient and wall 
temperature with air flowing along a one-side heated annu- 
lar channel. The outside and inside diameters of the channel 
are respectively d, = 40 mm and d, = 8 mm. In the section 
considered, arranged downstream of the section of thermal 
stabilization (z > li,.:), the mean mass temperature #; = 
= 100°C and air velocity w = 55 m/s. 

Solve the problem for two cases: (a) with heat being trans- 
ferred to the air only through the inside wall of the channel 
‘(dws = 0) and (b) with heat being transferred to the air 
only through the outside wall of the channel (g,,, = 0). 
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In the two cases the rate of heat flow on a corresponding wal] 
is to be assumed equal to q,, = 1.5 x 108 W/m’. 

Answer 

(a) a, == 144 W/m?-°C t,,, = 206°C; 

(b) ae, = 124 Wim?-°C t,,, = 224°C. 

Solution 

Physical properties of air at t; = 100°C: 


vy, = 23.43 x 10? m*/s; = Ay = 3.24 X 10-* W/m -G; 
Pr, = 0.688. 
The equivalent diameter of the annular channel 
deg = dg — d, = 40 — 8 = 32 mm. 
The Reynolds number 


Weg 55X32 10-3 
Rey = ee ee = 7-8 x 108; 


the pattern of air flow in the channel is turbulent. 

With air in turbulent flow in one-side heated annular chan- 
nels [22] under conditions of thermal stabilization (z > lig.1), 
constant rate of heat flow on the wall (g,, = const) and 
heating only of the inside surface of the annulus, ¢,,, = 0, 


_ dy \- 0.46 re 

Nu. 1 = Nu, 0.86 ( } z (15-18) 
where Nu,,, = d),:d,4/A, is the Nusselt number for the in- 
side surface in the event of one-side heating; 


Vwi 


1.1 Fe ° 


Nu; is the Nusselt number for air flowing inside a round 
tube, calculated by the equivalent diameter d,,. 
With d,/d, < 0.2, 


E—- 447.5 (Ey 


with a,/d, = 0.2 3 = . : 
Formula (5-18) is valid at 0.07 < d,/d, <1. : 


* For air formula (5-18) gives almost th - 
mula (6-42), (5-18) gi ogt the same results as for 


166 Problems in Heat Transfer 
When only the outside surface is heated, g,,, = 0: 
0.6 
Nu, ,=Nu,{ 1—0.14 (3) :, (5-49) 
L dy 
where Nu,, = ott Cog is the Nusselt number for the outside 
surface in the event of one-side heating; 
_. _ Gwa 
Qo 4 tog — ty e 


Forumla (5-19) is valid at 0<d,/d, <1. Formulae 
(5-18) and (5-19) are valid at 10 < Re, <3 x 10° and 
Pr; oo 0.7. 

With d,/d, = 1 these formulae give the value of the Nus- 
selt number for the case of one-side heating in a plate-type 
fuel element: 


Nu, = Nu, = 0.86Nu,. 


In the case considered the Nusselt number Nu; is cal- 


culated by formula (5-7) and a correction is introduced by 
formula (5-13): 


Nu, = 0.021 Rej'® Pr?*?@5°*. 


Assuming, as the first approximation, that the correction 
for the temperature factor 979-55 = (T,,/T,)-9° 55 = 1, we 
have: 


Nu, = 0.024 x (7.6 « 104)°-? (0.688)°-*? = 445. 
(8) Qwi=1.5 X 10* W/m?, que = 0, 
de 1 -0.16 
Nu, {= Nu 0.86 (3) E — 


= 145 x 0.86 (=). x1 = 162, 


dq 8 _ 
where Zw 7? and €= 1. 


- hy 3.24 x 1073 ; 
Oni Nuy, { ‘ta 162 “32x 1f035 163 W/m?- C; 


= 100 +- rae = 192 aC. 


tips = Cy 55 = 
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Having determined ¢t,,, as the first appoximation, Fet us 
introduce a correction for the temperature factor: 


ak 4iwi 4924-273 = : 


Q57°°> = (4.25) 795 — 0.885; 
Nu, = 0.885 x 145 = £28 and, correspondingly, 
a, , = 0.885 x 163 = 144 W/m*-°C; 
tos = 100-4 42% 1" — 204 °C. 


The final, more precise, results, obtained with the aid 


of the method of successive -  eaieaaiaa Ofe O41 = 


== 1441 W/m?-°C and f,,, = 206 
(b) Gwe = 1.9 x 10* W/m?- °C, — 
The Nusselt number Nu; remains equal to 145 as above and 


Nug, «= Nu; E — 0.44 (4) | = 


= 145[1—0.14 (0.2)°"*} = 140. 


As the first approximation the heat-transfer coefficient 
@_, and wall — tye, are equal to 


™ 


~ 
a, = Nog, > = 140 =O = at Wim?.°C; 


tara = ty + 208 ex = 4100+ se ~ 206 °C- 


and the correction ‘ie a temperature factor 


e7)-55 = (1. 28)~ °° — 0. 875: 
as, , = 0.875 «144 = 123 W/m?.°C. 


tion = 100 + 42X00" _ 292°C 


and further calculations give the following final results: 
Oe.4 — 124 W/m? “C and bing oe 224°C, 
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5-78. Air flows through the annulus of an inside diameter 
d, = 5.4 mm and an outside diameter d, = 60 mm. The 
rate of air flow G = 0.12 kg/s and its mean mass temperature 
*n the section considered t, = 80°C. 

Determine the inner surface temperature of the annulus, 
tw, if heat is added only through this surface and the rate 
of heat flow g,,, = 2 * 10* W/m’. 

Answer 

tiny = 262°C. 

5-79. An annulus having an inside diameter d, = 12 mm 
and an outside diameter d, = 30 mm carries air at a rate of 
G =5 X 10-* kg/s. Air is heated with heat added only 
through the inside surface of the annulus and the lengthwise 
constant rate of heat flow through the wall] of the annulus 
Goi = 2 X 104 W/m?. At the inlet into the heated section 
the air temperature t; = 20°C 

Determine the heat-transfer coefficient and the tempera- 
ture of the inside wall of the annulus, a, and t?,,,, at dis- 
tances z,==-90 mm and r,=720 mm from the inlet into the 
heated section. The effect of the temperature factor on the 
rate of heat transfer can be ignored. 

Answer 


z,=90 mm, @,, = 275 W/m?-C, tox = 94°C; 
zy = 720 mm, cz, = 223 W/m*-C, tue, = 120°C. 
Solution 


The variation of air bulk temperature along the annulus 
is determined from the heat balance equation 


_ Sos 2xX404n X12 10-3 
aed ae ra Geoy t= 20+ Sax tor ctor 2 = 20+ 14.92, 


where, in the temperature interval 
t; = 20 to 140°C, cpy @ 1.01 x 10° J/kg-°C. 


At z, = 90 mm ¢;,, = 20 + 14.9 x 90 x 107° & 21.3°C 
and at that temperature the physical properties of air: 


= 18.2 «x 10-* Pa-s; Ax, = 2.60.x 10°? W/m-°C 
Prin =.0.703. 
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The Reynolds number 
Wxteg Gdeq 


Vx fx ° 


where d,, = d, — d, = 30 — 12 = 18 mm, and the ratio of 
the equivalent diameter to the cross-sectional area of the 
annulus 


deg oan 4 ds — 4) = 4 = 4, a 
P= Bah Raa Pay aT OOF TpTOT ~ 90-4 tm, 
consequently, 

Re, = 30.45 107% _ 1.52 | 


Re. = 


px By ” 

at z, = 90 mm 
4.92 _ é 
Resi = ga 19-8 — 9-39 x 108. 


With air in turbulent flow along a one-side heated annular 
channel the length of the section of thermal stabilization can 
be calculated from the following relationship [22]: 


lin. __ ; ay = 
era 15 (141.25), (5-20) 


and the Nusselt number at 1 < 2/deqg < lin.:/deg is found 
by formula 


Nui _ Nugy dy 
Rae = Nats = 0.86 +0.54[ (144.2 Z ) x 


x (q-) °° — 0.188 (5-21) 


Formula (5-21) is valid for Nu,, at 0.144 <d,/d, <1 
and for Nu,, at 0 <d,/d, <1. 

In the formula, Nu, 1. and Nu, 4. represent the limiting 
‘ Nusselt numbers at z > l,,.;, determined by formulae (5-18) 
and (5-19). 
>, In the case considered d,/d, = 12/30 = 0.4, 


fin. t 45 .2 x 0.4) = 22.2 
ie (1-+4.2 x 0.4) =2 
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and 
my MO tnt 
cea | Valder mea 
tz 720 lint 
ing tO > 


That is why, having calculated Nu,,,.0 by formula (5-18), 
it is necessary to calculate Nu,,, for the cross section 2, 
by formula (5-21). The cross section x, requires no correction 
for the initial section. 


With air flowing in a round tube the Nusselt number is 
determined by formula (5-7) without a correction for the 
temperature factor 


Nu, = 0.024 Re®:8Pr2.43 = 0.024 (8.35 x 10498 x 
x (0.703)943 = 153. 


With air flowing in a one-side heated annular channel | 


at x ->J,,, the Nusselt number is calculated by means of 
formula (5-18) 


Nw, so = Nu, 0.86 syr" b 


since d,/d, = 0.4>>0.2, then E = 1 and the correction 
factor 0.86 (d,/d,)~°-'* = 0.86 (0.4)-°-* ~ 1, i.e. in the 
given case 


Nujj30 = Nu, = 153. 
Since xr, <¢ l,,.;, then by formula (5-21) 
Nux; 


| gp \-0.4 
Nagi = 0-86 +.0.54 [ (144.2 x 0.4) (E-) — 0.188 x 
x 0.4 | = 0.819 +798 (z/d.)~°"* and at z/d..=5 


Nuyy -O.4 ; 
Wary = 0.819-40.798 x 5708 a 1.245 


Nu,, = 1.24 K 153 = 190. 
The heat-transfer coefficient 


Nd __ 2.6 x 107 _ 2 or 
: = 19 FS ia =275 W/m Gs 


Oe = Nuss 
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At a distance z, = 90 mm from the inlet the wall tem- 
perature 


2 x 104 ° 
troxt = tyes + et = 24.3 + as = 94.4 C. 


279 
At a distance z, = 720 mm the wall temperature is deter- 
mined in a similar way, but, since z,/d.g = 49 > lj, ,/d, 


the correction calculated by formula (5-21) is not introduced. 
Then 


tive = 20+ 14.92, = 20 + 14.9 x 720 x 10-* = 30.7°C. 


At tree = 30.7°C py, = 18.7 K 10°% Paes, A,, = 2.68 X 
10-* W/m-°C, Pr... = 0.704, 


Rega =——— = 8.12 x 10+; 


Nu; = 0.0214 (8.12 x 10*)°-* (0.701) = 150 and, since at 
d,/d, == 0.4 Nu,,, = Nu;, then Nu,, = Nu, = 150: 


a= Nit eg Gh = 180 Ep = 223 Wit °C: 


tines = tyen 28h = 30.7 + axe = 120.4°C. 


5-80. Determine the Leahinsiatier coefficient and the 
temperature of the inside wall of an annular channel, a, 
and ¢,,., under the conditions of problem 5-79, at distances 
x == 45, 180, 360 and 1500 mm from the — into the heated 
section. Plot the variation graph of a,, t,,, and air tempera- 
ture t,, along the annular channel, making use of the quan- 
tities obtained in solving problem 5-79. 

Answer 

With account taken of the data obtained in solving pro- 
blem 5-79, calculation results are tabulated below and 
illustrated in Fig. 5-15 graphically. 


2, mm ‘ 360 

2/deg 2.5 5 10 20 8.3 
Ae, Wim?-°C 1310 278 202 235 222 
box, °C 85 94 102 111 132 
"fx, °C 20.7 21. 22.7 20.4 42.4 
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Fig. 5-15. Solution to problem 5-80 


5-81. Determine the temperatures of the inside and out- 
side wall surfaces, ?,,, and ¢,,., at a distance z = 1400 mm 
from the inlet into a non-symmetrically heated annular 
channel, the inside and outside diameters of which are d, = 
= 6 mm and d, = 20 mm. The annulus carries water flowing 
at a rate G = °0. 3 kg/s. The water inlet temperature t;, = 
=: (25°C. The lengthwise-constant rates of heat flow on the 
inside and outside walls of the concentric annular channel 


are respectively equal to go; = 1 <X 10° W/m? and g,,, = 
= 2 X 10° W/m. 


Answer 
ty, = 148°C; t,. = 165°C. 
Solution 


The heat balance equation is used to find the mean bulk 
temperature of water in a particular cross section 


Gepy (t¢ — ty) = GuiMdyz + qwgMdyz, 
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whence ; 
gz 
| ty = ty + (dw oe — 
= 125 + 0.3 X 4.27 x 108 a 141 °C, 


where, in the 125 to 141°C temperature interval, the heat 
capacity of water cp; = 4.27 x 10° J/kg-°C. 
At t, = 441°C the physical properties of water are as fol- 
lows: 
py = 925 kg/m®; A, = 0.685 W/m-C; 
v, = 0.216 x 10-© m?/s; | Pry = 1.25. 


The clear passage and the equivalent diameter of the annu- 
lus 


f= Z(G — at) =< (20°— 6%) x 10° = 2.86 x 10 mi; 


deg = 4g — dd, = 20—6 = 14 mm. 
Water velocity and the Reynolds number 


G 0.3 
w= 7 Wexam ries 113 mis; 


Wdeg 1.43 14x 10-3 


_ 3 X14 X10™" ‘ 


With fluid flowing in non-symmetrically heated annular 
coolant channels under conditions of thermal stabilization 
and constant rates of heat flow the Nusselt numbers on 
corresponding surfaces can be determined by means of the 
following formulae [22]: 

Nuy, 4 
{+222 OauiNuy, 1 
qwi 
Nusg, 4 
1-244 Oawa Nus, ¢ 
Gwe 
where Nu,, and Nu,,, = Nusselt numbers for the one-side 
heated inside and outside sur- 
faces, respectively; 
Gen, and O¢,.2= dimensionless adiabatic tem- 
_ peratures (at ¢,,,=0 and g,,,= 9). 


Nu = 


(5-22) 


Nu, = 


, (9-23) 
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For liquids and gases at 0.5 < Pr < 100 


Nuy,, _ dy \"™» 
Ret = (1-9) (Ft) (5-24) 
Nug,4 __ d, \0.8 
Ayit = (1—0.14) (SE), (5-25) 
where 
0.255 


SS = — 0.16 Pr-9-15- 
* 4-+4.4 Pr? ’ ‘ er : 


Baus = 22 [ 0.27 (4) —1]Re-0-87 Pr-1.05; (5-26) . 


Bawa = Baws SE i (5-27) 
Nu; is the Nusselt number for water flowing in a round tube 
and calculated by the equivalent diameter d,,. 

Formulae (5-24) and (5-25) are valid at 


104 << Re < 10° and 0.14 <d,/d, <1 


In the case considered the Nusselt number Nu; is deter- 
mined with the aid of formula (5-7): 


Nu, = 0. 021 Rey" ® pr? oo PTs tz) = 


Pry 

= 0.024 (7.33 x 10*)0-8(4.95)° ** — 179, 
where (Pr,/Pr,,)®-25 is assumed equal to unity as the first ap- 
proximation. 


When only the inside surface is heated the Nusselt number 
is calculated by formula (5-24): 


0.259 
ee —Q0 41 > 
¥ 4+-4.4 (4.25)9-? sd 
n= —0.16(4 _ — 0.154; 


dt —— 
i, 0.3; 


Nui. 0.454 : 
Nu, = 4.07; 


Nu,,, = 179 X 1.07 = 192. 
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With gdu2/@u1 = 2 the Nusselt ‘number is determined by 
formula (5-22) for which purpose 8,,,, is first calculated by 
formula (5-26): 

@.01 = 22 (0.27 (0.3)? — 4] (7.33 x 104)--87(4.25)-2-% = 
=- —4 x 10-: 


ave — 342. 


1—2x1 x 10-3 x 192 


The heat-transfer coefficient and the temperature of the 
inside surface of the annular coolant channel 


Nu, — 


ay = Nu, 7 = 312 = 1.53 x 108 W/m?.°C; 


1 x 105 0. 
trot = ty + EE = 144 + ae = 147.5 C. 


ri x 753 


Since the difference ¢; — t,, is small, the ratio (Prj/ Pr,,)** 
is assumed approximately equal to unity, just as in calcu- 
lating Nu;. 

In the event of one-side heating the Nusselt ‘tasihes is 
calculated with the aid of formula (5-25) 


tek Aa t 4 — 0.14 (0.3) = 0.932; 


Nu,,, = 0.932 x 179 = 167. 
The dimensionless adiabatic temperature is found by for- 
mula (5-27) to be 
Gaus = Cows i= ——1 1 ».4 40° x 0.3= — 0.3 x 1075, 


The Nusselt number by formula (5-23) 
167 
1—0.5 X0.3 X 10-3 x 467 


The heat-transfer coefficient and the temperature of the 
outside surface of the annular channel are 


Nu, = = 171. 


t= Nog o = 174 at = 8.35 x 10° W/m?-°C; 
2 x 105 


tugs = ty + 2 “ah = 1a + Saar BSB ctor = 165°C. 
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0-82. Determine the temperatures of the inside and out- 
side walls of an annular channel, ¢,,., and t,.., under the 
conditions of problem 5-81, but with ty, = 120°C, and 
Gun = 2 X10, Gue = 4 X 10° W/m’. 

Answer . 


to, = 160°C; t,, = 152°C. 


0-83. A plate-type fuel element of the core of a nuclear 
reactor has sodium as a coolant. The width of the coolant 
channel }= 3 mm. The velocity of the sodium coolant 
w = 3 m/s. The mean bulk temperature of sodium in the 
cross section of the channel considered, t, = 

Determine the temperatures of the inside surfaces of the 
coolant channel, ¢,,, and t,,,, if the rate of heat flow on one 
of them is q,,, = 7 < 10° W/m’, and on the other, 9, = 0. 

Answer 


bio = 412°C; tos = bows = 395°C. 


Solution 


At t; = 400°C the physical properties of sodium are as 
follows: 


Ay = 63.9 W/m-°C; vy =33 x 10-§ m*/s; Pry = 5.61075. 
The equivalent diameter of the channel 
deg = 2b=2xX3=6 mm. 
The Reynolds number 


_ Weg = 3x6x10° 
vy 338x104 


With liquid-metal coolants in turbulent flow through 
annular and plate-type channels the Nusselt numbers and 
the adiabatic temperatures of the walls can be determined 
approximately, in the event of one-side heating, with the aid 
of the following formulae: 


Sieh 0.57 (St) 7°" 4 Ae ; (5-28) 


= 5.45 x 108. 


_ d, \ 0.3 
et = 1— 0.25 (4) ; (5-29) 
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where, according to formula (5-14), Nu; = 5 + 0.025 Pe®-* 
is the Nusselt number for liquid metals in flow through round 
tubes, calculated by the equivalent diameter; 


{ 
Pry 5-30) 


where a = 2.2 (d,/d,)** and b = 4.5 x 10-® (d,/d,)*"; 


Baws Nu. q = 


Saws == Baw: z : 


where 


(dguns— ty) A —-ty)d 
Ou I ie 


For the case of flow in a flat-typechannel (d,/d,= 1) for- 
mulae (5-28) and (5-29) yield: 


Nu) = Nu, = 0.75 Nu. 
In the case considered 
Pe, = ReyPr; = 5.45 x 10° x 5.6 x 107 = 305; 
Nu, = 5 + 0.025 (305)** = 7.4. 


With one-side heating of the coolant channel the Nusselt 
number and the heat-transfer coefficient are: 


Nu,,. = 0.75 x 7.4 = 5.55: 
yy 
yg Nuy. Zo 0.00 aur 5.9 x 10® W/m!?.°C., 


On the heated side of the channel the wall temperature 


tant = by} Set = 400+ os 442°C. 


Since gus = 0, then tw, = te», For the coolant channel 
of a flat-type fuel element 6,,, = 9.01, Nu,,, = Nusa 
and by formula (5-30) 

{ 
Sawa Nua = — Tp paee 
‘42-0215 
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a= 2.2; b = 4.5 X 107* and 
Gaw2 Nusg, {= eas ae = ~-().445; 


2.2+4.5 x 40-4 (305)"°> 
Nug,, = Nuy,. = 9.00; 


The wall temperature on the non-heated side of the coolant 
channel 


Iwiteq 
boa = awe = by + Sawa = 


= 400 — 0.08 LX1°XEX 10° _ 400 5.25 ae 395°C. 


Thus, ti. < t,, although qu, = 0. This is traced to the 
fact that although the temperature of the wall is less than 


“elt (a) (6) (e) 
430 bw2 
420 

5 t 

10 tw; w2Z 
sr, A---F-etr = GA-—Spef -— gf 
390 tw2=taw2 

7 Pa 
Sw27Idwt = Swe™ Jot Jw2"9 


Fig. 5-16. Solution to problem 5-84 


the, mean mass temperature of the fluid, the fluid temperature 


gradient on the wall is equal to zero, as shown in 
Fig. 5-16. 


0-84. Determine wall temperatures t,,, and ¢,, for the 
case of liquid sodium flowing in the coolant channel of a 
flat-type fuel element under conditions of problem 5-83, 
if (a) the rate of heat flow g,, = 3q,, = 2.1 x 10° W/m? 
and (b) gue = Gu, = 7 X 10° W/m?. 

Hint. Make use of calculation formulae (5-22) and (5-23). 
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Answer 

(a) t.,, = 396°C, t,,, = 430°C. 

(b) bin = bys = 407°C. 

Under the conditions assumed.in problems 5-83 and 5-84 
the variation in liquid sodium temperature over the cross 
section of the channal is shown graphically in Fig. 5-16. 


5-85. Determine the distribution of temperature in water 
along the length of the external and internal channels of a 


a ? 6 : 
a , ¢ : ® 
. . aA ; 
8 Lj : 
a , ; 
. , ‘a. 
» ? : 
ba a 
. a 
a % . 
’ Y 
AY 
ny 4 
s ‘ : 
a LY 
‘ _ 
a % 
ry : : 
_ a: E 
A § r y } . 
4 r ‘ 
% eo ” 
‘ é ~ 
a r x 
LY r] SY 
s o ‘ 
a ‘6 * ¢ 
bs id 
& 
R 
‘ 


(Fig. 5-17. Solution to problem 5-85 


BUAARYPUAS DARTS 


BeAAANRS. 
AWarar 


eaw#r 
\S 
a 


SARRBAAQAA 
~BEADRBAA 


fuel element with two coolant passes (of the Field’s tube 
type), illustrated in Fig. 5-17. The coolant water flows 
downward through the external anuular channel, turns 
around, then flows upward through the internal annular 
channel till it leaves the fuel element. | 

Solve the problem for the following conditions: the length 
of each pass / = 2.5 m; the inlet water temperature 6, = 
= 120°C; the rate of water flow G = 0.22 ke/s; the rate of 
heat transfer from length of 1 m of the central fuel element 
q, =3.10* W/m; the temperature of the outside surface of the 


iz* 
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external channel is constant along the length of the channel 
and equal to 7 = 116°C; the overall coefficient of heat 
transfer through the wall separating the two coolant chan- 
nels k, = 350 W/m-°C;. the coefficient of heat transfer to 
the oxternal wall (or from the external wall) a, = 
== 450 W/m-°C; k, and a, are lengthwise constant and their 
magnitudes are reduced to unit length. The heat capacity 
of water is assumed constant: c, = 4.3 x 10° J/kg-°C. 

Determine the temperature of water at the end of the 
first pass, 0,, and at the outlet of the second pass, ¢,, and 
also the coordinate z,, and the magnitude of $,, which is 
ae water temperature in the first pass. 

wer 


a, =e tf; = 130°C; t, = 182°C; 2, = 1.54 m; 6, = 134°C. 


Temperature distribution along the first and second 
passes is shown graphically in Fig. 5-17. 
Solution | 

Temperature distribution along the external annular cool- 
ant channel is determined by the following equation: 


Oa Aer Atm + T+ i (5-34) 
where @ = temperature of coolant in the external channel; 
x = coordinate measured from the inlet into the ex- 


ternal channel. 


C 18,0°°" — 


A,=- : 
: a 
Cress! — 
~~ a 
Cy=%—T—Z ; 


a o> + VR + 4kyka); 


where W = Ge, W/°C; k, and k, are the lengthwise constant 
overall heat-transfer coefficients reduced to unit. length, 


ty 
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W/m.-°C. In the private case considered it is assumed that 
k, =a, and T is the temperature of the heat-transfer sur- 
face. 


With z = l formula (5-31) gives the temperature of the 
coolant at the end of the first pass, which, naturally, is 
equal to that at the beginning of the second pass, 0; = ¢;. 

Determine the quantities present in Eq. (5-31): 


W =Ge, =0.22 X 4.3 X 10° = 947 W/C; 


a. 7 3x10 Jor 
"a> a 66.7 °C; 


q  3Xxi0* | 
w= —oa7 — = 31-7 C/o; 
Cy = Oo —T— Zr = 120— 116 — 66.7 = — 62.7 °C; 
& = aur (— ha + V+ Sa) = 
_ 4 , TELE GE SES) = | | 
= soggy (— 4504 10° 4.594 4x 3.5 x 4.5) = 0.244 1/m; 


ee = aur (—ka—V B+ eka) = —0.72 1/m; 
ete! =: @~ 0.72X2.5 — 0,165: 
exal —_ e0-244X2.5 = 1.84: 


62.7 0.264 0.465—34.7 4.22 on. 
A: = VX 0105S 0.2K 1A 36s ~ 2-1 


Ay — BIXOTEXAB—BT | _ 97 g0¢, 


The water temperature at the end of the first pass atx = l 
Oy = ty = Agel + Age! +P = 

= — 25.1 x 1.84 —37.6 x 0.165 + 116 + 66.7 = 130.2°C. 

Under the given conditions the distribution of coolant 


temperature along the internal channel is determined. by the 
following equation 


t — Byer + Bye +7 +B ae (5-32) 
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where 
Cota +e Caer + 
Pt es ee aT 3 
(@4— £3) e"' (8; —e3) e* 
Cee Te 
3 t ky ke 


Determine the quantities present in formula (5-32): 
q 3K 104 . 
| ee 5B = 85.7; 
C, = 130.2 — 116 — 85.7 — 66.7 = — 138.2 C; 


= ae ESL 2 
138.20 UA431.7 _ ° 
B,= (0.244-+0.72) 0.465 12.6 °C. 


According to formula (5-32), at z= 0, water outlet 
temperature 


to= By + By +T +7 + fh —T4—12.6 +116 + 
+ 85.74 66.7 = 181.8°C. 


The coordinate of maximum temperature in the first pass 
is determined with the aid of formula 


lm = — In ( — f° F (5-33) 


Aye, 


Substituting into formula (5-33) the values of the corres- 
ponding quantities present in it, we obtain: 


=soapore 8 (-Serem) = 


= ar in (4.43) = 4.54 m. 


Im 


The maximum water temperature in the first pass at z = 
= Im is determined from formula (5-31): 


Oy = Ayetstm -L A,eteem + 7 +7 =e — 254 ¢9-246%1.54 


— 37.6¢-0-72%1-54 + 416 -+66.7 = 
= —36.5—12.4-+4 182.7 = 133.8 °C. 
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Temperature distribution in water along the first and 
second passes is shown in Fig. 5-17. The dotted line repre- 
sents a linear distribution of temperature in the internal 
channel in the absence of heat transfer into the external 
channel: ¢t’ = t, + q¢,2/W. 


5-86. Determine the distribution of water temperature 
along annular coolant channels of the fuel element with two 
coolant passes, considered in problem 5-85, if the length 
of the channels is increased from 2.5 to 3 m and leaving all 
other conditions unchanged. Compare calculation results 
with the answer to problem 5-85. 

Answer 

0, = 133°C, t, = 190°C; z,, = 1.77 m, 6,, = 138°C. An 
increase of the length and, consequently, of the amount of 
heat transferred by 20 per cent results in an increase in the 
water outlet temperature ¢, by 8°C, which corresponds to 
an increase in the amount oi heat added to the water only 
by 13 per cent. This is explained by a higher rate of heat trans- 
fer from the water in the external channel. 


5-87. Determine the distribution of water temperature 
along the coolant channels of the fuel element with two 
coolant passes, considered in problem 5-85, if the overal!] 
heat-transfer coefficient k, was increased to 600 W/m-°C 
by increasing the clear passage of the internal channel, 
maintaining the same rate of water flow, G = 0.22 kg/s, 
and leaving all other conditions unchanged. Compare cal- 
culation results with the answer to problem 5-85. 

Answer 


4, = 137°C; t, = 175°C; z,, = 1.57 m; 8, = 141.5°C. 
An increase of the coefficient of heat transfer through the 
wa']l, separating the two channels, results jn a more inten- 
sive heating of the water in the external channel and, con- 
sequently, leads to a greater heat loss to surroundings. That 
is why the outlet temperature ¢, is lower than under the 
conditions considered in problem 5-85. 


5-88. Determine the distribution of temperature in the 
coolant and wali along the channel in the core of a nuclear 
reactor. The cylindrical fuel element has an outside diameter 
d = 15 mm and a length / = 2.5 m, and is made from ura- 
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hium with a thermal conductivity A = 314 W/m-C. The 
fuel element has a tightly fitting cladding made from stain- 
less steel with a thermal conductivity 4 = 21 W/m-°C. The 
cladding thickness 6 = 0.5 mm. 

Assume the volumetric rate of heat flow, q,, to be constant 
over the cross section of the fuel element and vary along 
the element obeying a cosine law (the reactor has no end 
closures or caps). If the origin of coordinates is placed mid- 
length of the fuel element, then at r =O gy) = 2.2 X 
<x 10° W/m. 

The fuel element is cooled with liquid sodium, flowing 
in the coolant channel of the element at a rate G = 0.6 kg/s 
with an inlet temperature t;, = 250°C. The coefficient of 
heat transfer from the surface of the steel cladding to the 
liquid sodium @ = 1 x 105 W/m?.-°C. 

Carry out calculations and determine: the temperature of 
sodium at midlength of the channel (x = Q) and at the chan- 
nel outlet (x = 1/2); the temperatures of the external and 
internal surfaces of the cladding at z = O and at the centre- 
line of the fuel element at zx = O (ty .9, tw.0. tex.o); the 
coordinates and magnitudes of maximum temperatures 


ly m? bwi,ms and tax, m- 
Answer 


ty p= 290°C; tye = 330°C; 

1g pp 200 Co 2p eS tA ms. ten 301 -C: 
Lut, »= 316 el Or fist. eo m, liot, m= 338 -C; 
tax 9 =416 °C; Zoex m=0.245 m3; toy m= 422°C. 


Solution 

If heat evolves in the reactor following the cosine distri- 
bution law, the variation in coolant temperature along 
the channel is determined with the aid of equation 


ty — Ey, = os (sin + t | ; (5-34) 


where x is the coordinate measured from the middle of the 
channel and q, represents the heat-transfer rate from unit 
length of the channel at z = VU, measured in W/m. 
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The outlet temperature of liquid sodium (zx = 1/2): 
2 


Go = Wo de —22x 408 AXIS XE = 3.9 x 108 W/m. 


In the temperature interval from t,, = 250°C to 300°C 
the heat capacity of liquid sodium ep = 1.29 x 10° J/kg-°C 
and 

2 3.9x 1042.5 o 
ta tn= 5 OSKT Xe OO 
whence 


tr, = ty + 80 = 250 + 80 = 330 °C. 


The temperature of liquid sodium at midlength of the 
channel (x = Q): 


ta—t 
by, o= tnt ae = ty + OS = 2504 $= 200°C. 


The difference between the temperature at the axis of 
the fuel element and sodium temperature at z = 0 


_ 9 { 1 ! dy+26 - 1 = 
testo (Gt ae eG + aaa) = 
3.9% 106 ‘ 4 154+2x0.5 
ra ( ea + BST h——— + 


. © 
+ TCHS TF IXOS IT) = 100+ 18.4 +7.8 = 126.2 °C. 


Thus, 3 
Aty.g = tw.o — Yo = 1.8 G; 

Altwio = tw1.o — bY.o = 26.2°C; 

Atax.o = tax.o — t,o = 126.2°C. 


At xz = 0 the temperatures of the external and internal 
surfaces of the steel cladding and at the axis of the fuel 
| element at z = O are: | 
too.g = te.9 + Atyw,9 = 290 + 7.8 & 298°C; 
t ot, i ae t+. 9 + Aton, a 290 +. 26.2 wy 316°C; 
tow. o = tt,9 + Afes, = 290 + 126.2 ~ 416°C. 
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The maximum temperature of the heat-transfer surface is 
determined from the following formula 


bo, mF => + + ike {ro sobs fetal (5-35) 


Se Sra 
Substituting into formula (5-35) the values of At,,., and 
ty, — ty, We — 


ty mt 
nat V/ 24 (-28)* = 1.01, whence 
too, m = thy + 1.01 nee Ord x 80 = 331°C. 


The coordinate at which the temperature of the heat-trans- 
fer surface is maximum is determined by formula 


| lL . beg tey 
Xue, m= = arctan ( Ta } (5-36) 
en = +> arctan (7) =1.4m. 


The magnitu2es and coordinates of maximum tempera- 
tures at the axis of the fuel element and on the interna! sur- 
face of the steel cladding are determined by formulae (5-35) 
and (5-36), substituting in them the temperature difference 
At wy,» respectively with At,, , and At,,,. 9: 


bax, fax.m— th + Vf £4 (Aen? (ate 0 =) = 


tat ore 
—0.5-4 re 2)? 9.45; 
lox m= 250 -+2.45 X 80 = 422°C. 


twi,m—tp / 1 Atwi,0 \* 
aes er ) = 


tye — ty, btg— by, 


= 0.54 0.254 (32)* 244; 

tioi.m = 200 + 1.1 x 80 = 338°C; 
bia — Eps 

2Atax, o 


2.5 80 
= arctan (a } == 3.245 m; 


3 l 
fax, m= arctan ( 


= 0.632 mM. 


r _ 2:9 rct oo 
“wl,m = a 8 2X 26.2 
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o-89. Determine the distribution of the coolant tempera- 
ture and the wal)l'temperature along the fuel element consid- 
ered in problem 5-88, if water is used as a coolant in the 
nuclear reactor. 

The rate of water flow G = 0.6 kg/s, and water inlet 
temperature t;, = 180°C. The coefficient of heat transfer 
from the surface of the fuel-element cladding to water 
a =2.5x107* W/m?-°C. All other conditions are as in 
problem 5-88. 

Calculate the magnitudes of quantities as in problem 5-88. 

Answer 

ty 9 = 191.6°C; t. = 203°C; 


tw,9 = 223°C; zy, m = 0.263. m; ¢,, m = 225°C; 
1. 5 — 241°C; cwi,m 0.183 m; tol, mm 243°C; 
tax. 9 = BAI; xox. m = 0.0615 m:- ter m = 341°C. 


Chapter Six 


HEAT TRANSFER 
WITH TUBES 
IN FORCED CROSS FLOW 


6-1. A copper bus bar of round cross section, d = 15 mm, 
is cooled with a cross flow of dry air (Fig. 6-1). The velocity 
and temperature of the free-stream air flow are respectively 
w = 1 m/s and t, = 20°C. 

Calculate the coefficient of heat transfer from the surface 
of the copper bus bar to the cooling air and the admissible 


iF = 20% w80% 


Fig. 6-1. Solution to problem 6-1 


current intensity for the bus bar on condition that its surface 
temperature should not exceed t¢,, 


The resistivity of copper p = 0. 0175 Ohm -mm*/m. 
Answer 


a = 23.8 W/m?-°C; JI = 825 A. 


Solution 

At a temperature t; = 20°C the physical properties of air 
are: vy; = 15.06 x 10-® m*/s, A, = 2.59 x 10-? W/m-°C. 
_ The Reynolds number 

wd = 1X0.015 
> .For a single cylinder placed in cross air flow heat trans- 
fer can be calculated with the aid of the following formu- 
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lae [3]: 
at 10< Re,<1 x 10° 
| Nu, = 0.44Re?-°; - 
at 1 x 10°< Rey<2 x 108 (0-1) 
Nu, = 0.22Re?-6, 


where taken as the reference dimension is the diameter of the 


cylinder and as the reference temperature that of the free- 
stream air flow, f;. 
In the case considered 


Nu, = 0.44 (995)°5 = 13.8 


and the heat-transfer coefficient 


d 
a= Nuy—? = 13,8 5X = 23.8 Wim?.°C. 


The admissible current intensity is determined from the 
energy balance equation 


| & (t, _— t+) ndl = I*R, 
where 


R=, ohm, 
4 


whence the following expression for admissible current inten- 
sity | 


' a _ aAtd 
ae [= 10nd ip 


Substituting knewn quantities, we obtain: 
T=108 x 3.14 x 1.5 x 


"23.8 x (G0—20)1.5X102 


6-2. How will change the coefficient of heat transfer from 
the surface of the copper bus bar and the admissible current 
intensity, if the velocity of the free-stream air flow is redu- 


ced by one half and all other conditions remain as in prob- 
lem’ 6-1? 
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Answer 
a@ = 16.9 W/m?-°C; I = 692 A, i.e. the coefficient of 
heat transfer from the surface of the bus bar will be reduced 


V2~1.4 times and the, admissible current intensity 
w/ 2 = 1.2 times. ~ 


6-3. How shall change the coefficient of heat transfer 
from the surface of the bus bar and the admissible current 
carried by it, if the diameter of the bus bar is reduced by 
one half, leaving all other conditions unchanged, as in 
problem 6-1. 

Answer : 

a = 34 W/m*-°C; J = 348 A. 


6-4, A tubular water calorimeter with an outside diame- 
ter d = 15 mm is placed in a cross flow of air. The velocity 
of the air, w = 2 m/s, is directed at an angle of 90° to the axis 
of the calorimeter and the mean air temperature ft, = 20°C. 
Under steady-state conditions the outer surface of the calo- 
rimeter acquires a constant mean temperature f¢,, = 80°C. 

Calculate the coefficient of heat transfer from the tube 
to the air and the heat transfer rate from unit length of 
the calorimeter. 

Answer 


a = 36.3 W/m?-°C; gq, = 102 W/m. 


Solution 

At a temperature t; = 20°C the physical properties of 
air are: vy = 15.06 x 10-* m?/s, Ay = 2.59 x 10-7 W/m-°C. 

The Reynolds number 


wd = =2X 15x 105 
Rey = = 5.06 x toe — 1990. 


Since 1 x 10° < Re <2 x 105, according to formula 
(6-1) 


Nuy = 0.22Re;"*. 
Nu, = 0.22 (1.99 x 10%)°8 — 24 


and the heat-transfer coefficient 


Aj 242.59 x 10-2 6 
0 Nu; a = Ts xi > 36.3 W/m2. C: 


Then 
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The heat transfer rate from unit length 
q1 = & (ty — ty) nd = 36.3 (80 — 20) 3.44 x 1.5 x 
x 107? = 102 W/m. 


6-5. Under the conditions of problem 6-4 how shall 
change the heat-transfer coefficient, if air velocity is in- 
creased 2 and 4 times? 

Answer 

The heat-transfer coefficient shall increase respectively 
1.51 and 2.3 times. = : 


6-6. Under the conditions of problem 6-4 how shall change 
the heat transfer coefficient, if air flows past the tube with 


Fig. 6-2. Solution to problem 6-6 


an angle of attack p = 60° (Fig. 6-2), all other conditions 
of the problem remaining unchanged? 
Answer 
Ap—oe = 33.7 W/m?-°C. 
Solution 


When a fluid flows past a single cylinder with an angle 
of attack differing from 90°, then 


ay = Eye, (6-2) 
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where a», and a@ = respectively heat-transfer coefficients at 


a given angle of attack and an angle 
of attack equal 90°; 


&> = correction for the angle of attack w the 
values of which, depending on the angle 
w are given below: 
e562 o-< 90 80 76 60 50 40 30 
ep se eee 1 4 £40.99 0.93 0.87 -0.76 0.66 


In the case considered at p = 60° ey = 0.93 and, conse- 
quently, 


Apensoe = 0.93 x 36.3 = 33.7 W/m?-°C. 


6-7. A cylindrical tube having a diameter d = 20 mm 
is cooled in a cross flow of water. Flow velocity w = 1 m/s. 
The mean temperature of the cooling water t,; = 10°C 
and the surface of the tube is at a temperature t,, = 50°C. 


Determine the coefficient of heat transfer from the surface 
of the tube to the cooling water. 
Answer 


a = 7050 W/m*.-°C, 
Solution 
At a water temperature ¢; = 10°C 


vy, = 1.3 x 10 m/s. 
The Reynolds- number 


_ wd 1x0.02 
Rey = = Taxdoe = 1.54 x 10% 


For a single cylinder placed in cross flow of a liquid heat 
transfer can be calculated with the aid of the following for- 
mulae [4]: 
at 8< Re,<1 x 10° 

Pr, , 0.25 
Nu, = 0.50Re;*Pry'*° (+—) : 
w 
at 1 x 10° < Re; <2 x 105 alia 


Pr 0.25 
Nu, = 0.25Rej*Pr7"* (5), 
‘ w@ 
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where taken as the re’ ‘rence dimension is the diameter of 
the cylinder, and the subscripts “f” and “w” indicate that 
the corresponding physical properties are taken based on 
the temperature of free-stream flow of liquid t; and the 
temperature of the liquid near the wall ¢,,. In the case con- 
sidered 1 x 10° < Re, < 2 x 10° and calculations should 
be done with the second formula. 
ie At by = 10°C v, = 1.3 x 10-* m?/s, As = 0.574 W/m- °C, 
and the Prandtl number Pr, = 9.5. 

_At a temperature t, = 50°C Pr,, = 3.55. Consequently, 


Nu, = 0.25 (4. 54 x 109° (9. 5)°3* (aa a)" = 246 


and the ee coefficient 


d } 7 
a= Nuy + = 246 [5% = 7050 W/m?-°C. 


6-8. Compare the coefficients of heat transfer from the 
surface of the tube to the cooling air: 

(a) with air flowing in a long tube having an inside dia- 
meter d,; = 00 mm; 

(b) with air flowing past a tube having an outside dia- 
meter d, = 50 mm. 

Carry out the comparison for air velocities w = 5, 10, 


20, and 50 m/s. Assume a mean air temperature t; = 50°C 
in all cases. 


Answer 
Calculation results are given below: 


we M/S .. ee ew ee ew . +5 10 20 50 
a ee 1.8 1.56 1.36 1.44 


6-9. A tube having an outside diameter d = 25 mm is 
cooled by placing it in a cross flow of transformer oil. The 
velocity and mean temperature of the transformer oil are 
respectively w = 1 m/s and t, = 20°C 

Determine what tube surface temperature should be main- 
tained, to ensure a rate of heat flow gq = 4.5 x 10° W/m?, 


and calculate the magnitude of the heat-transfer coefficient. 
Answer 


t, = 70°C; a@ = 925 W/m!?.-°C. 
13—0215 
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Solution 
Determine the pattern of flow of transformer oil. At 
t, = 20°C Vy == 22.5 x 10+ m?/s: 
_ wd _ 1x2.5x 10? Sa 3 
Re; = rv =~ oD SKI 1.141 x 10°. 
Pe the Reynolds number falls within 1 x 10°< 
< Re, <2 X 10°, formula (6-3) gives: 


0.60.38 / Pry \" 
Nuy = 0,25Rey°Pry?* ( 3; } 

The formula contains the Prandtl number for oil, taken 
at a wall temperature. The probleuw: must, therefore, be 
solved either by the method of successive approximations 
or graphically. Let us use the latter. 

For a graphical solution assume three values of a wall 
temperature: ¢,,,, = 40°C, t,,, = 60°C, and ¢t,,, = 80°C; cal- 
culate the rates of heat flow at these ‘temperatures and plot 
q as a function of t,,, ¢ = f (t,). 

Having assumed ?#,,, = 40°C, calculate the heat-transfer 
coefficiant by the above mentioned formula. 

At t; = 20°C v,; = 22.5 x 10-% m¥/s; A, =0.1106 W/m.-° 
and the Prandtl number Pr; = 298. 

At a wall temperature ?,,, = 40°C Pr,,, = 146; 


Nuy = 0.25 (4.44 x 40°)" (298)788 (FE) ° — 175, 


a= Nuy—> = 175 2S = 775 W/m?-°C. 


At t,,, = 40°C the rate of heat flow 
g, = a,At, = 775 (40 — 20) = 15500 W/m’. 


At a temperature ¢,,, = 60°C the heat-transfer coefficient 
shall differ from a, only due to the change in the Prandtl 
number, therefore, 


Pris 
Prog 


= Pr \%25 tug —ty 
Og = Oy and @=a( pt) 


At lwe = 60 °C Prwe = 87 8 and 


ga= 1.55 x 108 (gos BO 3.54 x 108 W/m", 
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At ty,;= 80°C Pry = 59.3 and 


The calculated values of g are used to plot the graph shown 
in Fig. 6-3: 
q =f (tw). 
From the graph we find that with the given value of the 


rate of heat flow, g = 4.5 x 10° W/m’, the wall temperature 
t,, = 70°C. 


Fig. 6-3. Solution to problem 6-9 


At the determined temperature ¢,, = 70°C calculate the 
aeat-transfer coefficient. 
At t, = 70°C Pr, = 71.3. Then, 


Nu, = Nu, (+2! yee = 175 (44) = 209 


—" 71.3 
and 
h 
a= Nu, + = 209 oF = 925 W/m?-°C, 


6-10. A tube is being cooled in cross flow of transformer 
oil under the same conditions as in problem 6.9. Cooling 
specifications require, however, that the rate of heat flow 
on the surface of the tube should not exceed 3.5 x 104 W/m!?, 


43° 
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To ensure this regime of cooling, what should the tube 


surface temperature and the magnitude of the heat-transfer 
coefficient be? 


Answer 


x: 62°C; a@ = 890 W/m?.°C, 


6- 11. With a » liguid in cross flow past a single cylinder 
determine the ratio of the heat-transfer coefficients under 
conditions of heating (a,) and cooling (a) of the liquid. 

Comparing the heat-transfer coefficients, assume the same 
velocities and mean temperatures of the liquid and equal 
temperature differences. 

Answer 


75 = ( Pri. ¢ ~"" 


6-12. Compare the values of the heat-transfer coefficients 
for a tube of a diameter d = 8 mm placed in cross flow of 
water and grade MC oil. 

Assume the same velocities and mean temperatures of the 
liquids, equal to respectively w = 2 m/s and t, = 70°C, 
and a tube surface temperature t,, C. 

Also determine how shall change ‘the heat-transfer coef- 
ficients for water and oil, if with the same mean tempera- 
ture of the liquids and the same temperature difference the 


cooling of the liquid involved shall take place (t, = 70°C 
end t,, = 50°C). 


Anawer 
a, W/m3.°*Cc 
Liquid 
Heating Cooling 
Water 17 900 45 500 
Oil 2070 1 370 


6-13. Determine the mean coefficient of heat transfer 
by convection from cross flow of flue gas of the following 
composition (by volume): 


Puen = 9.11; Poo, = 9. 13 and Pre == 0.76 
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to a bank of staggered boiler tubes having a diameter d = 
= 80 mm. The transverse and longitudinal pitches of che 
staggered bank of tubes are respectively s, = 2.5d and 
s, = 2d The mean valocity of the flue gas in the narrow 
cross section of the bank of tubes w = 10 m’s. 


hig. 6-4. Solution to problem 6-413 


In the direction of gas flow, the bank is built-up of four 
rows of tubes with an equal surface (Fig. 6-4). The tempera- 
ture of the gas before the bank of tubes is ¢,, = 1100°C 
and after the bank of tubes. ¢;, = 900°C. The fouling of 
the surfaces of tubes should be ignored. 

Answer 

a = 62 W/m!?.°C. 

Solution 

With a clean bank of tubes in cross flow of flue gas the 
rate of heat transfer can be calculated by the following 
formula [4): . es 


Nu, = CRe?Pr):** e,, (6-4) 


where: for a bank of tubes of the in-line arrangement C = 
= 0.26 and n =0.65; for a bank of tubes of the staggered 
arrangement C = (0.41 and n = 0.60; taken as the reference 
dimension is the tube diameter, and as reference tempera- 
ture—the mean temperature of the fluid (gas) ¢; = 0.5 
(ts; + t79); also taken as reference is the mean velocity 
in the narrowest cross section in the bank of tubes. 
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The quantity s, is the correction factor, allowing for the 
effect of the relative pitches. 

For an in-line bank of tubes e, = (s,/d)~*-15; 

for a staggered bank of tubes: 

with s,/s,<¢< 2 2, = (s,/s,)'/5; 

with s,/s, > 2 2, = 1.12. 

The formula is true at 10° < Re; < 10°. 

The heat-transfer coefficient. calculated with the aid of 
formula (6-4) corresponds to the magnitude of that for the 
third and all subsequent rows of tubes in the bank. 

The heat-transfer coefficient for the first rew of the bank 
of tubes, a,, is determined as a, = 0.63. | 

The heat-transfer coefficient for the second row of an 


in-line bank of tubes, a, is equal to 0.95, and in a staggered 
bank of tubes a, = 0.7az3. 


In the case considered the reference temperature 
ty = 0.5 (ty, + t,) = 0.5 (1100 + 900) = 1000°C. 


At that temperature the physical properties of flue gas 
of the given composition are as follows 


v,; == 174.3 < 10-6 m?/s; A, = 0.109 W/m?-°C; Pr, = 0.58. 
The Reynolds number 


wd 10 x 8 x 10-2 
Rey = = aaa = 4.59 x 10°. 


Since 10* < Re; < 10°, formula (6-4) is also applicable to a 


bank of tubes of a staggered arrangement for which C = 
= 0.44, n = 0.6. 


The ratio s/s, = 2.5/2.0 = 1.25 and the correction factor 
@, = (1.25)¥* = 1.04. 
The Nusselt number 
Nu; = 0.41 (4.59 x 10)®-6 (0.58)9-33 x 4.04 = 55. 
The heat-transfer coefficient for the third row of tubes. 


Ay 0.409 


sa 
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With equal surfaces of rows of tubes, the mean heat- 
transfer coefficient 


hes a, 
OQ = > GQ; => (0.6a1 + 0.7a5 + 2c) = 


- 32 75 =62 W/w?-°C. 


6-14. How will change the mean heat-transfer coefficient 
for the bank of tubes considered in problem 6-13, if, under 
the same conditions, the number of rows of tubes is increased. 


in the direction of gas flow by 2, 3, 4 and 5 times, leaving 
all other data unchanged? 
Answer 


With n>3 a=a,(4 — ~2) ; 
with »=8 a=68.5 W/m?.°C; 

with n=12 a@=70.5 W/m?.°C; 

with n = 16a = 71.8 W/m?-°C; 

with n = 20 a = 72.4 W/m?-°C. 

6-15, Ano air heater, constructed as a staggered bank of 
tubes, is exposed to cross flow of air. The diameter of the 


I 


7 TT oe 
| f | 
0 $ Ww 


Fig. 6-5. Solution to problem 6-15 


60 


tubes d = 50 mm; the transverse pitch of the bank s, = 
= 100 mm, ‘and the longitudinal pitch s, = 200 mm. The 
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mean temperatures of the air and of the outside surface of 
the tubes are respectively t; = 100°C and ?,, = 200°C. 

Plot the heat-transfer coefficient as a function of air 
velocity in the narrowest cross section of the bank of tubes, 
assuming a range of velocities from 5 to 20 m/s. The number 
of tubes in the direction of gas flow n > 20; the effect pro- 
duced by the first two rows of tubes on the mean heat-trans- 
fer coefficient can be ignored. 

Answer 7 

Calculation results are represented below and illustrated 

graphically in Fig. 6-5. 
iS «ewe ee ae ee SG 3) 10 20 
; Ae oe ee ee ee 69 105 159 


6-16. Compare the heat-transfer coefficients for the third 
row (in the direction of air flow) of tubes of two air heaters, 
featuring a staggered-tube arrangement. The two banks 
of tubes are exposed to cross flows of air moving with a ve- 
locity w = 10 m/s at a mean temperature z, = 100°C. The 
diameters of tubes in the two air heaters are respectively 
d, = 50 mm and d, = 25 mm. Assume the same ratio of 
pitches, s,/s,, for the two air heaters compared. 

Answer 


Qo = 2°* kK a, & 1.32a,. 


6-17. Compare the heat-transfer coefficients for the third 
row of tubes of the air heaters considered in problem 6-16, 
under the condition that the tubes of the heaters are not 
of the staggered but of the in-line arrangement. 

Carry out the comparison, assuming: (a) that the relative 
pitches of the two air heaters, s,/d and s,/d are the same; (b) 
that the transverse and longitudinal pitches are the same, 
Ss, and s, 

Answer 

(a) a, = 2°95 x a, w 1.27; 

(b) a, = 2°5 x a, w 1.41. 


6-18. The staggered bank of tubes of a heat exchanger 
is exposed to cross flow of transformer oil. The outside 
diameter of tubes in the)bank d = 20 mm. The transverse 
pitch s, = 2.5d, the longitudinal pitch s, = 1.5d. The 
mean velocity in the narrowest section of the heat exchanger 
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and the mean oil temperature are respectively w = 0.6 m/s 
and t; = 40°C. | 

Find the coefficient of heat transfer from the surface of 
tubes to the oil for the third row of tubes under the condition 
that a tube surface temperature ¢t,, = 90°C. 

Carry out calculations for two cases: 

(a) transformer oil flows past the tubes with an angle of 
attack p = 90°; | 

(b) transformer oi] flows past the tubes with an angle 
of attack wp = 60°. 

Answer 


Cy-90° = 1130 W/m?.°C; Xyan6 0° =$1060 W/m?-°C. 


Solution 

With a liquid in cross flow past a bank of tubes the heat- 
transfer coefficients can be calculated with the aid of formu- 
la (6-4). introducing a correction for the change in the physi- 
cal properties of the liquid over the cross section of the 


eh expressed in the form of the ratio (Pr,/Pr,,)°* [4]. 
en, 


Pr 1.25 
Nu, = CRe?Pr?-33 (=—) e,, (6-5) 


where Pr,, is the Prandtl! number for the liquid taken at the 
wall temperature, while the constants and other quantities, 
just as the range of application,are the same as in problem(6-4). 
In the case considered, at t, = 40°C; v, = 10.3 x 
x 10" m/s, 24, = 0.109 W/m-°C, Pr, — 146; at t. = 
= 90°C Pr,, = 30.5. 
The Reynolds number 


_ wd  0.6x0.02 


and formula (6-5) is applicable. 


Since s,/s, = 2.5/1.5 = 1.66 < 2, 
then | 


&, = (8,/s,)'/6 = (1.66)! = 1.08, 
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Then, for the third row of the staggered bank of tubes 


Pry , 0.25 
Nu, =0.41Rey*Pr7'? (5) e, 


Prip 


= 0.44 (1165)°* (146)? (2S-)°"* 1.08 = 208. 
At an angle of ac wy = 90° the heat-transfer coefficient 
c= Nu, = 208 = = 1130 W/m?.°C. 


When liquid flows past the bank of tubes with an angle 
of attack other than p = 90°, 


Ay = Sy G, 


where ¢, is the correction for the angle of attack, the values 
of which depending on » are given below: 


yw .-..-.90 80 70 60 50 40 30 20 10 
By ..-.. 1.0 1.0 0.98 0.94 0.88 0.78 0.67 0.52 0.42 


In the casa considered, at = 60°, the correction &» = 
= 0.94 and 


Ap=60° = 0.94 x 11430 = 1060 W/m?-°C. 


6-19. Assuming conditions of problem 6-18, how shall 
change the heat-transfer coefficient for the third row of 
tubes, if the bank of tubes is exposed to cross flow of water, 
all other conditions remaining unchanged (d = 20 mm; 
w = (0.6 m/s, t, = 40°C; t,, = 90°C? 

Compare the results a the same angles of attack, 
i.e. p = 90° and p = 


Answer | 
Ay=goe = 9950 W/m?:°C; Ayzene—= 9350 W/m?2-°C. 


6-20. How shall change the heat-transfer coefficient for 
the third row of a staggered bank of tubes placed in cross 
flow of transformer oil and water under the conditions of 
problems 6-18 and 6-49, if instead of being heated the liquid 
1s cooled at the same temperature difference as in problem 
6-18, i.e. at a mean flow temperature t; = 90°C and a mean 
wall temperature t,, = 40°C. All other quantities remain 
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unchanged (@ = 20 mm; w = 0.6 m/s). Compare the results 
obtained for an angle of attack p = 90°. 

Answer 

When transformer oil is cooled @ = 924 W/m?-°C, i.e. 
the heat-transfer coefficient shall decrease almost by 18 per 
cent. When water is cooled «@ = 8400 W/m?-%C, i.e. the 
heat-transfer coefficient shall diminish about by 45 per cent. 


6-21. Compare the heat-transfer coefficients calculated 
for the third row of an in-line bank of tubes @;, and for 

a single tube a; placed in a cross flow of fluid, with the 
Prandtl number Pry varying from 1 x 10° to1 x 40°. 

Carry out the comparison at the Prandtl number Pr = 1 
for tubes of the same diameter and at equal liquid and tube 
surface temperatures. Assume a correction factor 2, = 1. 

Answer 


Re ea ee ec 1x 108 4x 108 41> 105 
Gini . ee eee 1.32 148 4.67 


6-22. A tubular air heater is to be constructed from tubes 
of a diameter d = 38 mm in an in-line arrangement with 


ca &.6-O-> 


ITE 


aaeeel 


Fig. 6-6. Solution to problem 6-22 


transverse and longitudinal pitches 5 = s, = 2.5d. The 
number of tubes in a row across the flow is set to be m = 8, 
the number of rows n = 5 (Fig. €-6). 
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The temperature of the air entering the air heater t,, = 
= 20°C and at the outlet of the heater ¢,, = 80°C. The 
temperature of the outside surface of tubes ty = 150°C. 
w long should the tubes be, so that at an air velocity 
w= 40 m/s the amount of heat transferred to the air Q@ = 
= 125 kW? 
Answer 


Solution 
The mean temperature of air 


ty = 0.5 (ty + tya) = 0.5 (20 + 80) = 50°C 
At t, = 50°C v, = 17.95 x 10~* m%s; 

Ay = 2.83 X 107? W/m-°C 
and 


2 
Rey = em pe = 212 x 100 


With 10° < Re, < 10°, by formula (6-4), we have for 
the third row , of an in-line bank of tubes 


Nu, = 0.26 Rep'*’Pr}:**5 


For air Pr,~0.70 and formula (6%) haan into. 
Nu, = 0.23Re;'*e,, 


where 8, = (8,/d)~°-!* = (2.5)-0-!5 = 0.87, 
Substituting the values found, we obtain: 


Nuy = 0.23 (2.42 x 10*)°- 0.87 = 430. 
The heat-transfer coefficient for the third row of tubes 


A 
c= Ney fa ta0 AERP 96.8 wine 


With n>3 the mean heat-transfer cocfficient of an 
in-line bank of _e 


@= a, (1 ——= 2) = 96.8 (1——>) = 87.2 W/m?-°C. 


The rate of heat flow and the required heating surface: 
q~= a(t, — t)) = 87.2 (150 — 50) = 8720 W/m* 
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and 


QO 125x108 : 
F=-- = 379 108 = 14.3 m?. 


The required length of tubes 
F 14.3 


l= ——. = 


ndmn 3.44x0.038K8x5 3m. 


6-23. Under conditions of problem 6-22, how long should | 
the tubes be, if an in-line arrangement is replaced with a 
staggered one and the velocity in the narrowest section of 
the bank of tubes is increased to 14 m/s? All other condi- 
tions are left unchanged. 

Answer 


1 = 2.3 m. 


6-24. In a heat exchanger liquid sodium is in cross flow 
past a staggered bank of tubes, having an outside diameter 
d = 20 mm. The mean velocity of the free-stream flow of 
liquid sodium w =i m/s, and the mean temperature of 
liquid sodium ¢; = 250°C. 

Determine the mean coefficient of heat transfer from the 
tubes to the sodium coolant and the mean rate of heat 
flow on the surface of the tubes on condition that the mean 
tube surface temperature ¢,, = 256°C. 

Answer 


a= 1.34 x 10° W/m*-°C, g =8 x 105 W/m'. 


Solution 


With sodium in cross flow past staggered and in-line banks 
of tubes the mean heat-transfer coefficient can be calculated 
with the aid of the following formula [16]: 


Nu, = 2Pef>, (6-6) 


where, taken as the reference dimension is the tube diame- 
ter. Formula (6-6) is valid at 100 < Pe; < 1000. 


In the case considered, at ty = 250° C, the physical prop- 
erties o” liquid sodium are respectively: 


vy = 49 X 10-9 m3/s; A, = 76.1 W/m-°C; Pr = 0.69 x 10-3, 
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The Reynolds and Peclet numbers 


“Re, = oe NAO = 4d x 10 


Pe, = Re,Pr; = 4.44 x {04 4 0.69 x 40-2 = 306. 
The Nusselt number and the heat-transfer coefficient 
Noy = 2 (306)°5 = 35; 


a= Nu, 2 =35 Decors = 1:34 x 106 W/m?.°C; 


q = oi. — t,) = 1.34 x 10° (256 — 250) =8 x 10° W/m’. 
6-25. Determine the Coefficient of heat transfer from thé 
surface of tubes to liquid sodium in the heat exchanger con- 
sidered in problem 6-24, if the velocity of the free-stream 
flow w = 0.8 m/s and the mean. temperature of sodium ft; = 
= 300°C. Also, find the amount of heat transferred to the 
sodium coolant, if the mean tube surface temperature 
ti: == 305°C and the bank is built up of n = 56 tubes of 
length 7 = 1 m. 
Answer 


a = 444 x 10° W/m!.°C; 9 =2 x 10° kW. 


Chapter Seven 


HEAT TRANSFER BY FREE 
(NATURAL) CONVECTION 


7-1. Calculate the loss of heat per unit time from one 
Square meter of a horizontal cylindrical heat exchanger 
which is cooled by the ambient air. The outside diameter 


Fig. 7-{. Solution to problem 7-4 


of the heat-exchanger shell d = 400 mm, the shell surface 
temperature ¢,, = 200°C and .the air temperature in the 
room zt, = 30°C (Fig. 7-1). 

Answer 


a = 5.9 W/m?-°C; g = 1000 W/m’. 


Solution 

The rate of heat flow on the outside surface of the cylindri- 
cal heat exchanger q = a (t,, — t;), W/m". 

At the given surface temperature and the ambient air 
temperature at a distance from the wall the solution of the 
problem comes to determining the heat-transfer coefficient. 
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For cases of free convection the mean heat-transfer coef- 
ficient tan be calculated with the aid of formula [4] 


Pry \ 0.25 
Nu, = C (GrPr)} (+—} (7-1) * 


where the constants C and n depend on the pattern of free 
flow and the conditions of flow past a surface. They are 


fi — of GrPr and are determined from the following 
tables: 


EEE 4 | | Cc n | Conditions of flow 
$x i0®°—1 x 109 0.75 0.25 | Along a vertical wall 
> 6x 10! 0.45 1.3 , 
4x 108°—4 x 10 0 50 0.25 On a horizontal tube 


The subscripts “f” and “w” in formula (7-41) indicate that 
the physical properties of the fluid are selected respectively 
at the fluid temperature ¢;, at a distance from the heat- 
transfer surface, and the wall temperature ¢,,. In the case of 
flow along a vertical wall taken as the reference dimension 
is the height of the heat-transfer surface and for a horizontal 
cylinder—its outside diameter. 

. In the case considered the reference temperature ¢; = 30°C. 

At that temperature airy has the following physical proper- 
ties: | 

v,= 16.0 x 10° mis; Ay = 2.67'x 10°? W/m-C; 


ra { es: 
Calculate the magnitude of the dimensionless term 


ay Ata 9.84 (200—30) 0.45 
(GrPr)y = Sy Pry “Resco 0-701 = 


— 9.75 x 10°. 


° The correction in formula (7-4), (Pr;/Pr,,,)*-**, is applied only 
when calculating heat transfer for liquids. 
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From the table we find that for the calculated values of 
the ——— term (GrPr), the constants C = 0.5 and 
n = 0.25. 

The Nusselt number 


Nu, = 0.50 (9.75 x 10°) = 88.2, 
whence 


a= Nu, =! = 88,2-2:67 x10" =5.9 W/m?.°C. 


The loss of heat per unit time from unit surface area of 
the heat exchanger is | 


q = 5.9 (200 — 30) = 1000 W/m". 


7-2. Under the conditions of problem 7-1, in order to 
reduce the heat losses, the shell of the heat exchanger is 
covered with a layer of a heat insulating material. 

Find the amount of heat, g, W/m, lost from the surface 
of the heat exchanger, if after a 50 mm thick layer of heat 
insulation was applied, the temporature of the outside sur- 
face of the heat exchanger got equal to t, = 50°C, and the 


ambient air temperature remained as above, i.e. t; = 30°C. 
Answer 


qg = 65 W/m’. 


7-3. In a boiler house there are two horizontal steam mains 
with diameters d, = 50 mm and d, = 150 mm. The two 
steam mains have the same surface temperature t,, = 
= 450°C. The ambient air temperature t, = 50°C. The steam 
mains are laid at a distance from each other, precluding any 
mutual heat effect. 

Find the ratios of the heat-transfer coefficients a,/a, and 
of the losses of heat from length of 1 m of steam mains 
Gul Qis- 

Answer 


G/a_g = 1.3415;  93,/arg = 0.438. 


7-4. Solve problem 7-3, assuming that after heat insula- 
tion was applied on the steam mains the surface temperature 
became equal to t,, = 70°C. The outside diameter of the 
insulating layer of the first pipeline d, = 100 mm, and of. 
14-0215 
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the second, d, = 390 mm. The ambient air temperature 
remains as in problem 7-3, ¢; = 50°C. 
Answer 


a1/e — 1.37: Gn! Gis = 0.382, 


7-5. Determine the coefficient of heat transfer from a ver- 
tical plate of height H = 2)m to thesurrounding still air, 
if it is known that the surface temperature of the plate 
t, = 100°C, the ambient air temperature at a distance from 
the plate ¢; = 20°C. 


Answer 
a = 7.92 W/m?-°C. 
Solution 
The transfer of heat by free convection from a vertical 
plate can be determined by formula (7-1): 


+ 


Nu; == C (GrPr); ( 5; 


where taken as the reference dimension is the height of 
plate H. 
At t; = 20°C the physical properties of air: 


Ay == 2.59 K 10-7? W/m-°C; vy = 15.06 x 10 m?/s; 


{ { ss 
Pr, = 0.703; By = pas = Dos K~!, 


Under these conditions the dimensionless term 
AtH® 
(GrPr), = gy v7 Pr; = 


_ 1 80x 23x 1042 _ 
a 9 81 “993 “GE 082 8-708 = 6.64 >. 4010, 


Using the obtained value of (GrPr),, find from the table, 
compiled for formula (7-1), C = 0.15 and n =1.3. Then, 


Nu, = 0.45 (6.64 x 10!)1/3 — 640 


and 
rN : 
a= Nu; = 610 —=r == 7.92 W/m2-°C. 


7-6. Under conditions of problem 7-5, how shall change 
the coefficient of heat transfer from a vertical wall to the 
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surrounding air, if the height of the plate is doubled, with 
all other conditions remaining unchanged? 
Answer 
a,/a, = 1. 


7-7. An edge-mounted rectangular bus bar, measuring 
-100 X 3 mm, is cooled by the surrounding air which.is at a 
temperature of 25°C. The temperature of the bus bar should 
not exceed 70°C in continuous-load service. — 

Calculate the heat-transfer coefficient a and the admissible 
intensity of the current carried by the bus bar under the 
conditions specified. The resistivity of the material from 
which the bus bar is made p = 0.43 Ohm- mm*/m. 

Answer 


a = 9.84 W/m?.°C; J = 450 A. 


7-8. How shall change the heat-transfer coefficient and 
the admissible current intensity, if the bus bar temperature 
should remain as in problem 7-7, t,, = 70°C, in winter 
sie when the mean ambient air temperature 1; = 
== —10°C? 


Answer 
a = 10.8 W/m*-°C; [ =719 A. 


7-9. Determine the maximum admissible current intensity 
for a nichrome wire, 0.5 mm in diameter, on condition that 
the wire temperature should not exceed 300°C. At a temper- 
ature ¢,,=300°C the resistance per 1 m length of the wire 
R aa, Ohm/m. The temperature of surroundings t; = 

Carry out calculations for two cases: , 

(a) the wire is exposed to still aix; 

(b) the wire is placed in still water under a pressure at 
which the saturation temperature exceeds 300°C. 

Solution hints. For small diameter wires (d = 0.2 to 
1.0 mm) the dimensionless term GrPr is usually small and 
a film-type or transient pattern of flow is preserved. For 
cases where the term GrPr < 5 x 10? the following calcula- 
tion formula [4] is recommended: 


Nua = 1.18 (GrPr)}/®. (7-2) 
44* 
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When formula (7-2) is being used, taken as the reference 
temperature is t, = 0.5 (t,, + #,), and as the reference geo- 
metrical dimension—the diameter of the wire d. 

- Answer 


(a) [, = 2.42 A; a, = 80 W/m!-°C; 
(b) J, = 23.5 A; a, = 7570 W/m!*-°C. 


7-10. Determine the coefficient of heat transfer from a 
plate, arranged with its heat-transfer surface facing upward 
and measuring a X 6 = 2 X 3 m’, to the surrounding still 
air, if the plate surface temperature #, = 100°C and the 
ambient air temperature, at a distance from the plate, 


a@ = 10.3 W/m?-°C, 

Solution 

The rate of heat transfer from horizontal plates can be 
calculated approximately with the aid of formula (7-1). 
Then, the smaller side of the plate is taken as the reference 
dimension. If the heat-transfer surface faces upward, the 
value of the heat-transfer coefficient, calculated with the 
aid of formula (7-1) is increased by 30 per cent and, on the 
contrary, if the heat-transfer surface faces downward, the 
heat-transfer coofficient is reduced by 30 per cent [413]. 

In the case considered t; = 20°C and at that temperature, 
for air, vy = 15.06 x 10-* m/s; 


y= 2.99 X 10-* W/m-°C; Pr, = 0.703. 
The reference dimension is the smaller side of the plate, 
i.e. a = 2 m. Then, the dimensionless term 


(GrPr), = gB; <1 Pr, = 9.81 a ei 6.64 x 108°, 


Using the obtained value of (GrPr), find from the table, 
compiled for formula (7-1), C = 0.15 and n = 1/3. Then, 


Nu, = 0.15 (6.64 x 10%) = 610, 
whence 


A 
a’ = Nu, —- = 610 =X" 7.9 wim?.C 
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and 
a = 1.30’ = 1.3 x 7.9 = 10.3 W/m’-C. 

7-11. Under conditions of problem 7-10, how shall change 
the heat-transfer coofficient, ifthe plate is arranged with 
its heat-transfer surface facing downward, leaving all 
other conditions unchanged? 

Answer 


2, = 5.5 W/m!*.°C; /h» == 4.88. 


7-12. The temperature of oil in a tank is kept constant 
pa pa aid of horizontal heating tubes of a diameter d = 
= 20 mm. 

Determine the coefficient of heat transfer from the surface 
of tubes to the oil; if the oil temperature ¢, = 60°C and the 
tube surface temperature t,, = 90°C. The distance between 
the tubes is relatively great, and the rate of heat transfer 
-can be calculated as for a single cylinder. 


Answer 
= 96.2 W/m!?-°C. 


7-13. Under conditions of problem 7-12, determine the 
heat-transfer coefficient, if, with the same oi] temperature 
and temperature difference, heat is trans- 
ferred from the oil to the tubes ‘with 
t, = 60°C and ty = 30°C. ’ 

Answer 


fa = 47.2 W/m'.C, 


t =200 
¢f/4 3 


i.e.” the” heat-transfer coefficient is about : 
one half of that calculated for the case 4,.~47C 

or heating. , 

? -44. Determine the equivalent ‘ther- Ya RN 
pm ar oe = the rate of ‘heat 

ow g, W/m", though ‘a vertical slot of pig. 7.2. soluti 
thickness 6 = 20 mm, filled with air. A srohlen. 4. 
The temperature of the hot surface, t,,;= 

= 200°C and of the cold surface, ¢,,, = 80°C (Fig. 7-2). 

Answer’ a 


heq = 7.5 X 107? W/m-°C; g = 448 W/m. 
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Solution 
The equivalent thermal] conductivity can be calculated 
with the aid of the following formula [4]; 


heq == Nee, (7-3) 


where X = real thermal conductivity of fluid; 
ge. = coefficient of convection which is a function of 
GrPr and can be calculated approximately from 
formula 
= 0.18 (GrPr)y i’. (7-4) 
Here, all — parameters are taken at the reference 
temperature ¢,,., = 0.9 (fy, + trys). 
Taken as the reference dimension is the thickness of the 
slot 6, and the temperature difference is set at At = t,,,—t, 
In the case considered ty.n = 0.5 (200 + 80) = 440°C. 
At that temperature v,,., = 27.8 x 10-° m?/s. 


Aw.n = 0.0349 W/m-°C; _ , = 0.684. 


oe t 1 
Bw. a= tp at oi “a3 kK 
‘Calculate the value of the dimensionless term 


(GrPr),.,, h= gBy. h Atwi = twa) © py = 


Viv. h 
_ 120 (2 x 10-28 
= 9.84 4413 (27.8 x 10-8)2 


The coefficient of convection 
@€, =0.18 (2.02 « 104) = 2.44. 


0.684 = 2.02 x 10*, 


Then 
Meg = 3.49 X 107? & 2.144 = 7.47 X 10-7 W/m-°C. 
The rate of heat flow through the layer of air 


Neg 2 
q= 5 (tos — thos) = AEE 120 = 448 W/m? 


7-15. How shall change the equivalent thermal conductiv- 
ity and the rate of heat flow under the conditions of prob- 
lem 7-14, if the slot between flat walls is filled with water 
under pressure, all other conditions remaining unchanged? 
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Answer 
heq = 15.5 W/m-°C; g = 92 600 W/m’. 


7-16. How shall change the equivalent thermal conductiv- 
ity, if the thickness of the slot is decreased by one half, 
all other conditions remaining enchanged, as in problem 
7-14? 


Answer 


eq Shall decrease by 1.68 times. 

7-17. In the service tank of a circuit, used to study hydro- 
dynamics and heat transfer in liquid-metal coolants, a metal 
coolant is heated with the aid of a horizontal electric heat- 
er, of a cylindrical shape and 50 mm in diameter. | 

Calculate the coefficient of heat transfer from the surface 
of the heater to the liquid metal, for the case when the 
circuit is filled with sodium at a temperature t, = 200°C, 
and the heater surface temperature ?t,, = 400°C. 

Answer 

| a = 15 750 W/m!?-°C. 

Solution 

With liquid metals in free flow the rate of heat transfer 
can be calculated by formula [4]: 


Nu, = CGrhPr?-. (7-5) 

In Eq. (7-5) the constants C and n depend on the mag- 
nitude of the Grashof number: 

with Gr, = 107 to 10°C =0.52 and n = 0.25; 

with Gr, = 10° to 10°C = 0.106 and n = 0.33. 

The physical properties are chosen at the temperature 
ty, ={0. 9) (ti +- ts). 

For the case considered ¢, = 0.5 (200 + 400) = 300°C 


and at that temperature the physica! properties of sodium 
are: 


Vz, = 39.4 «x 10~§ m?/s: An = 7/1 W/m- °C; Pr», == 0.63 x 1074 
OO in 
nh ~ “OF (tw tp) 903 (400 — 200) 


— _ _, 200 (5 x 10-2)8 _ 
GY, = — gBn 9,81 x 2.74 x 40 “(39.4x 10-82 


=2.71 x 107% K7; 


= 4.28 x 108 
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With this value of the Grashof number 


C = 0.52 and n = 0.25. 
Then 


Nu, = 0.52 (4.28 x 10%)9-*8 (6.3 « 10-8)%* — 11.4, 
whence 


_ Mn __ 71 _ 2. 
a= Nu,—} = 41,{ 310% = 15750 W/m?-C. 

7-18. How shall change the coefficient of heat transfer 
from the surface of the heater to the coolant, if the circuit 
of problem 7-17 is filled with: 

(a) lithium Li; 

(b) eutectic alloy, 25% Na + 75% K. 

The temperatures of the liquid-metal coolants and of the 
surface of the heater remain as in problem 7-17. 

Answer 
(a) a = 10 500 W/m?.°C; 
(b) a = 6370 W/m!.-°C, 


Chapter Eight 


HEAT TRANSFER 
IN CONDENSING VAPOURS 


8-4. Film condensation of dry saturated water vapour 
(steam) takes place on the surface of a vertical tube of height 
H = 3 m. The steam pressure p = 2.5 X 10° Pa. The tube 
surface temperature ¢,, = 123°C. 

Determine the thickness 6f the forming condensate film 
.6,, and the local heat-transfer coefficient a,, depending on 
the distance z from the upper end of the tube. Calculate the 
coefficient for distances x equal to 0.1, 0.2, 0.4, 0.6, 4.0, 
4.5, 2.0, and 3 m. 

Plot a graph representing 6, anda, as a function of the 
tube height. | 

Aasume the film of condensate to be in laminar flow along 
the entire height of the tube. Calculate'with the sid of approx- 
imate Nusselt formulae. | 


Answer 
Oalculation results are represented graphically in Fig. 8-¢ 
and tabniated below: > om 


8, mm 0.0001 0.0715 0.0865 0.004 
fix, Wihm?-°C | 14 490 9620 8150 | 7820 


mm 0.407 0.418 0.427 0.140 
Ge, Wim?-*C 6530 5880 5410 4900 
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3 
a, 100, W/m*?-°C 


6,.,mn 


Fig. 8-1. Solution to problem 8-1 


Solution 


Upon film condensation of dry saturated steam and with 
the condensate film in laminar flow, the film thickness and 
the local heat-transfer coefficient can be determined approx- 
imately with the aid'of the Nusselt formulae [4): 
the film thickness 


A hapzAt 
§,. = Ve ’ (8-1) 
the local heat-transfer coefficient 
A 
0 S, : (8-2) 


where A, p, and p = thermal conductivity, dynamic-vis- 
cosity coefficient and the density of 
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condensate taken at the mean conden- 
sate temperature t, = 0.5 (ft, + t,,); 
r = latent heat of vapourization at the 
saturation temperature ?,; 
At-= t, — t,, = temperature difference. 
In the problem considered, at p = 2.5 x 10° Pa, the 
saturation temperature ¢, ~ 127°C and the heat of vapour- 
ization r = 2182.kJ/kg. 
Hence, 
At = 127 — 123 = 4°; , 
t, = 0.5 (1274. 123) = 125°C and at that temperature 
the physical properties of water are as follows: 


A = 0.686 W/m-°C; pw = 227 x 10° Pa-s; p = 939 kg/m’. 


At a distance z = 0.1 m from the top end of the tube the 
condensate film thickness 


_ & £4X 0.886 x 227 x 10% KOAX4 ee 
Srau.= |! —“aagrx sezx tox gar 0-8 x 10% 


OF by. = 0.06 mm. 
At a distance x = 0.4 m from the top end of the tube tlie 
local heat-transfer coefficient 


Gendt = qo = ey = 11430 W/m?.°C. 


The thickness of the condensate film shall vary heightwise 
in direct proportion and the heat-transfer coefficient inverse- 
ly proportional to the fourth root of the distance from 
the top end of the tube. Thus, 


Sry 2 = Seg 1/2 = 0.06 x 1.19= 0.0715 mm 


yy 0.686 2 °C 

Or=0.2 = a Disco = 9620 W/m a OF 
For other values of z, 5, and @,, are calculated in a similar 
manner. Calculation results are given in the answer to thiis 


problem and represented graphically in Fig. 8-1. 


8-2. Under conditions of problem 8-1, how shall change 
the thickness of the condensate film and the local heat- 
transfer coefficient, if, at a constant pressure (p = 2.5 X 
<x 10° Pa) the temperature difference At becomes equal 


to 2, 4, 6, 8 and 10°C? 
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For calculations assume a distance z = 2 m. Plot the 
following dependences: 6, = f, (At) and a, = f, (At). 

Note. Under the conditions assumed, the mean tempera- 
ture of the condensate film, ¢,, varies but little, and the varia- 


tion of the physical properties of the condensate with At 
can be ignored. 


Answer 


6+-0.14 


Qs 104 W/ m2- 
S 
Se 


235 &§$ § 6 7 B FNC 
Fig. 8-2. Solution to problem 8-2 


Calculation results are shown graphically in Fig. 8-2 and 
tabulated below: | 


At, °C 2 | 4 6 8 | 10 


8-3. Dry saturated steam (water vapour) undergoes film- 
type condensation on the surface of a vertical tube of height 
H == 2 m. The steam pressure p = 4 kPa. The tube surface 
temperature t, = 29°C. 

Determine the local heat-transfer coefficients at distances 
r, equal to 0.1 and 2 m from the top end of the tube, assuming 
the film of the condensate to be in laminar flow along the 
tube. 

Compare calculation results with the answer to problem 8-1. 


Answer . 
Oeeg., = 7460 W/m?-°C; Gyag = 3530 W/m?- °C, 


Comparing these values with the answer to problem’8-1, 
we can see that at a pressure p = 4 x 410° Pa the heat- 
transfer coefficient is about 1.5 times smaller than at p = 
=2.5 x 10° Pa, which is primarily due to an increase in 
condensate density. 


8-4. Dry saturated steam condenses on the external wall 
of a horizontal tube, having a diameter d = 20 mm and 
iength 7 = 2m, at a pressure p = 1 xX 10° Pa. Tube surface 
temperature t,, = 94.9°C. 

Determine the mean coefficient of heat transfer from the 
condensing steam to the wall and the amount of steam G, 
kg/h, condensing on the surface of the tube. 

Answer 


a = 15600 Wym?-°C; G = 15.9 kghh. 


Solution 

With dry saturated steam in film-type condensation on 
horizontal tubes, the circumferentially-mean heat-transfer 
coefficient can be determined by the following formula {10}: 


Re = 3.252976 (8-3) 
where 


Re = aAinR — ; 
rpv 


Z=-AtnR (-£) "= 


is the reduced length of the tube; Ai = t, — ¢t,,—tem- 
perature difference; R—tube radius; 4, v and p—thermal 
conductivity, dynamic viscosity coefficient and density 
of the condensate at the saturation temperature ¢t,; r—heat 
of vapourization at f,. 

The formula holds at d < 20 (a/pg)°:* (o~-surface tension 
coefficient) and provided the condensate film is in laminar 
flow which is determined by the condition Z < 3900. For 


commonly encountered practical applications, these two 
conditions are usually satisfied. 
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mia 


Formula (8-3) can be presented in the following form: 


AU-t9 { 


@ = 3.25 “F Gaae (8-4) 
where | 
A= (-4) " = , t/m.°C; 
B= —~— , m/W. 


The terms A and B depend only on the kind of liquid and 
saturation temperature. For water these terms are shown as 
a function of saturation temperature t, in Table 8-1. 


Table 8-1 
Values of A and B in Formulae (8-4) and (8-5) for Water 


to, °C | A, t/m-eC | Bx 103, ov t., °C | A, i/m-°c | Bx103, m/W 
i 
20 5.46 1.62 170 136 12.04 
30 7.88 2.06 180 | 450 12.90 
40) 41.4 2.54 190 167 14.02 
50) 15.6 3.06 900 182 45.05 
60 20.9 3.62 210 {97 16.08 
70 27.4 4.22 224) 2418 47.63 
80) 34.5 4.38 930 927 18.40 
90 42.7 5.57 240 246 19.78 
100 (54.5 6.28 250 264 21.32 
110 60.7 6.95 260 278 29.70) 
420 70.3 7.65 270 296 24.42 
130 82.0 8.47 280 312 26 .34 
140 94.0 9.29 290 |- 336 28.72 
150 407 10.15 300 354 31.24 
166 {22 14.09 ° 


In the problem considered at p=1X10° Pat, = 99.6°C 
and from table 8-4 we find: ; 


A = 51.2 4/m:°C; B = 6.25 X 10°° m/W. 
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The temperature difference 
At=t, —t, = 99.6 — 94.5 = 5.1°C. 
Substituting the found values into formula (8-4), we obtain: 


(54.2)9-75 { _ 
T= 3-29 GBXIO® —3.4ex0.0ixssy 
= 15600 W/m?-°C. 
The amount of condensing steam is found from the heat 
balance equation | 
Gr = aAtF, 

where F = x dl, m?, is the surface area of the tube. 
" At t, = 99.6°C the heat of vapourization r = 2258 kJ/kg, 
ence, : 


Gandl*% = 3.14 x 0.02 x 2 NOE = 4.43 x 10° kg/s 


or G = 4.43 x 107° x 3600 = 15.9 kg/h. 


8-5. Solve problem 8-4, assuming a steam pressure p == 
= 210° Pa, with all other conditions remaining un- 
changed. Compare ¢alculation results with the answer to 
problem 8-4. 

Answer 

a@ = 10 800 W/m?-°C; G = 57 kg/h. 

8-6. Determine the amount of dry saturated steam G, 
kg/h, condensing on the surface of a horizontal tube of a 
diameter d = 16 mm and length !=1.5m, if the steam pres- 
sure p=1.2 MPa and tube surface temperature ¢,, =180°C. 

Answer 

G = 99 kg/h. 

&-7. How shall change the coefficient of heat transfer 
when dry saturated ‘steam condenses on the surface of the 
horizontal tube, if the steam pressure rises from p = 
= 0.04 x 10° Pa to p = 4 x 10° Pa, and the temperature 
difference At = t, —t#,, remains unchanged? 

Answer 

The heat-transfer coefficient shall increase 1.43 times. 


8-8. How shall change the heat-transfer coefficient and 
the amount of dry saturated steam condensing per unit time 


224 Problems in Heat Transfer 


on the surface of the horizontal tube, if a tube diameter 
is increased 4 times, and the steam pressure, temperature 


difference and the length of the tube are left as in prob- ° 
lem 8-7? 


Answer 


The heat-transfer coefficient shall diminish /2 = 1.44 


times; the amount of steam condensing per unit time shall 
increase 2°/* = 2.84 times. 


8-9. What wall temperature ¢, must be maintained to 
ensure film-type condensation G = 6.5 x 10 kg/s of dry 
Saturated steam on the surface of a horizontal tube having 
a diameter d = 16 mm and length | = 2.4 m. The steam 
pressure p = 5 X 10° Pa. 


Also, determine the heat-transfer coefficient under these 
conditions. 


Answer 
t.,. = 145°C; a = 16 600 W/m?-°C. 


1 Solution 
The heat balance equations yield 


G ° 
t= ee 9 W/m?- C. 


On the other hand, according to formula (8-4), the heat- 
transfer coefficient 
Aorls 4 
(nas)? ; 
Equating the right-hand sides of the two equations, we 
obtain the expression for the temperature difference: 
At®-78 ass Gr B 
6.5 (R)°°75 | Ae-7s i 


In the problem considered, at p = 5 x 10° Pa, the satu- 
ration temperature ¢, = 151.8°C, at which r = 2109 kJ/kg 
and from Table 8-4 we find A = 109.7 1/m-°C; B = 10.3 x 
X 10 m/W. Consequently, 


Ayor78 — 8-5. X 107% x 2109 x 108 10.3 x 10-5 = 4.92 
6.5(3.14x 8x 10~9)9-75 “2.4 (409. 7)9°78 
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whence the temperature difference 
At = (4.22)** = 6.8°C 
and the wall temperature required 
ty = t, — At = 151.8 — 6.8 = 145°C. 
The heat-transfer coefficient is found by formula (8-4): 


109.7)°:7° { 
10.3 1075 (3.14 x 8 x 10-8 x 6.8)°"® 


= 16600 W/m?2-°C. 


8-10. What temperature difference must be maintained 
to ensure a rate of heat flow, g = 5.8 xX 10* W/m’, upon 
film-type condensation of dry saturated steam on the surface 
of a horizontal tube of a diameter d = 34 mm? The steam 
pressure p = 1 X 10° Pa. 

Also, determine the heat-transfer coefficient under these 
conditions. 

Answer 


At = 4°C; @ = 14500 W/m*.-°C. 


8-11. Dry saturated steam condenses on the surface of a 
horizontal brass tube, having a diameter d,/d, = 20/18 mm, 
at a pressure p = 2.4 X 10° Pa. The tube carries cooling 
water. The rate of flow and mean water temperature are 
respectively G, = 400 kg/h, t,, = 40°C. 

Determine the amount of steam condensing per 4 h on 
length of 1 m of the brass tube, G,, kg/m-h. 

Answer 

G, = 20.8 kg/m-h. 

Solution 

Since the coefficients of heat transfer from steam to the 
tube wall and from the latter to the cooling water depend on 
the temperatures of the outer and inner surfaces of the 
tube, and these temperatures are not known, the problem 
‘should be salved either by the method of successive appro- 
ximations, assuming respective temperatures, or applying 
the graphical-analytical method, as shall be done below. 

Determine the rates of heat flow, reduced to 1 m length 
of the tube, from the inner surface of the tube to the water 
15~0215 
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(G1, W/m) passing through the wall of the tube (q;,,, W/m) 
and from the condensing steam to the surface of the tube 
(dig, W/m), depending on corresponding temperature differ- 
ences At, = ty, — ty; Aty = twe — tw, and At, = t, — 
— ly. 

To determine gy, = f, (At,), let us assume three values of 
At,: 65, 70 and 75°C, then, t,,, = At, + ¢,, will be equal 
to 105, 110 and 445°C. 

At a cooling water temperature t;, = 40°C p,;, = 653 &X 
x 10-6 Pa-s, A, = 0.635 W/m-°C, Pr, = 4.34. The 
Reynolds number 


ndyajr 5.48 X48 X 10-3 XK 3O00 KOSS 10-8 = 12 X 10. 
The cooling water is in turbulent flow, and the heat-trans- 
fer coefficient is determined by formula (5-7): 


Rey, = 


Pr 0.25 
Nu;, = 0.021Re}®Proy*? ( fe 


Pri 


P 0.25 Pp 9.25 
= 0.024 (1.2 x 104° (4.31)"* (54) = 73(44) 


Whence at t,,, = 105°C (Pr,,, = 1.67) we find: 


; 0.25 . 
Nuy = 73 (43) = 92.5 


The heat-transfer coefficient 


0.635 | 
48x 10-3 


dy = @,Aind, = 3620 x 65 K 3.44 x 18x10 = 
= 12 000 W/m. 
At ty, = 110°C we correspondingly obtain: 
Nuy, = 93.5, a@, = 3300 W/m?-°C, gq, == 13000 W/m. 
At ty, = 115°C Nu;, = 94.8, a, = 3340 W/m?-°C, gy = 
== 14 200 W/m. 


The dependence g, =f (At,) is shown on the chart in 
Rig. 8-3. 

Since the thermal conductivity of brass 1,, ~ 140 W/m-°C 
can be assumed to be independent of temperature under con- 
ditions of this problem. the function q;,, = f (At,,) is 


X 
a, = Nuy 7 = 92.5 3260 W/m?-°C; 
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linear: 
Onn 
Giw = (ti — ty) rr 
2.3 log Sr 
At Ale —= tina -— twos = 2 °C 
quo = 2 22S XT — 13000 Wim. 


Cc 


Fig. 8-3. Solution to problem 8-1! 


The dependence q;, = f (At,,,) is found, using the formula 
for the coefficient of heat transfer from the condensing steam 
to the wall of the brass tube (8-4). 


A4o-fs { 
Bo (aReAt,)°-?° ’ 
then, the rate of heat flow per length of 1 m shall be 


Au-45  OnR At 
= Apo NaoNts = 3.25 ——— ——_ 24 
Vi2 2 gist9 B (nReAty)°*2> 
and 58 


= (tARgAts)""'° 
1g = 6.5 cee meee 


At p = 2.4 X 10° Pa t,=126.1°C and from Table 8-1 we 
find that A = 774 1/m-°C, B = 8.15 x 10-3 m/W, hence 


14 X 77.4 x 1072)9- 
dig = 6.5 OS Ath? = 1540008 **, 


15* 
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Having assumed At, = 10, 15 and 20°C, we obtain respec- 
tively ¢;,=8650, 11 700 and 14 600 W/m. The dependence 
Gig = f (At,) is also plotted on the graph in Fig. 8-3. 

To find the dependence of the rate of heat flow on the 
summary temperature difference, At = t, — t,,, we add up 
the three found relationships. The resultant curve, gq, = 
= f(t, —t,,,), is represented by the thicker line in Fig. 8-3. 

Plotting the given value of the total temperature difference 
At =t, — t;,=126.1 — 40 = 86.1°C on the abscissa and 
drawing a vertical line till intersection with the curve 
qi1= f(t, — t,), we find the unknown magnitude of the 
rate of heat flow on the ordinate (Fig. 8-3): g, = 12 600 W/m. 

With t, = 126.4°C the heat of vapourization r = 
= 2485 kJ/kg and, consequently, the rate of condensate 
flow 


Gi 1.26 x 104 

8-12. Determine the coefficient of heat transfer ao, 
W/m?-°C, from condensing steam to the external surface of 
a horizontal brass tube with d,/d, = 18/16 mm, the tem- 
peratures of the external and internal tube surfaces f,,,. and 
ti, and the amqunt of steam G,, kg/m-h, condensing on 
the external surface of the tube. 

The pressure of the dry saturated steam p = 700 kPa. 
The tube carries the cooling water flowing with a velocity 
w = 1.0 m/s at a mean temperature t,, = 30°C. 

Answer 


a, = 7600 W/m?®-°C, it, wy 110°C, ¢,,, ~ 106°C, 
G, =.44 kg/m-h. 


8-13. Assuming the conditions of problem 8-12, how shall 
change the amount of the condensing steam G,, kg/m-h, if 
the velocity of the cooling water is increased two times (from 
w= 1 m/s to w =2 m/s), leaving all other conditions 
unchanged? 

Answer 

The amount of the condensing steam shall increase about 
by 10 per cent, 


Go = 45 kg/m-h. 
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8-14. Dry saturated steam condenses on the external sur- 
face of a vertical tube, having a diameter d= 20 mm and 
height H = 2m, at a pressure p = 


= 1x 10° Pa (Fig. 8-4). The tempe- 
raturea of the tube external surface 
ty = 94.5°C. 


Determine the heightwise mean 
coefficient of heat transfer from the 
condensing steam to the tube and the to 9% C 
amount of steam that condenses on the 
surface of the tube. 

Compare calculation results with 
the answer to problem 8-4 treating 
heat transfer for a horizontal tube 
under similar conditions. 

Answer 


a = 7840 W/m?-C; G = 8 kg/h. 


Assuming the same conditions for 
a horizontal tube (of problem 8-4) Fig. 8-4. Solution to 
a= 15600 W/m?-°C and G= 15.9 kg/h. problem 8-14 

Solution 

Upon film-type condensation of dry saturated steam and 
laminar flow of the forming condensate film along vertical 
surfaces and. walls the lengthwise mean heat-transfer 
coefficient can be calculated by the following formula [10]: 


Re = 3.82Z°78, (8.95) 


p=110°Pa 


H=2000 


where 
Re =: aAtH —*- - 
rov 


Z = AtH (-£)” =reduced length of a tube; 


rpv 


HH = height of a vertical surface or tube. 
Other notations are as in formula (8-3). 


The formula is valid, provided the condensate film is in 
laminar flow, i.e. when 


Re < 1600 
and, correspondingly, 


Z <= 2300. 


230 Problems in Heat Transfer 


The magnitudes of the terms, comprising physical proper- 
ties, present in the expressions for Re and Z, namely 


4 
rpv 


= B, m/W 
and 
{ 
“3 


(£-) =A, {/m-°C 


can be found for condensing steam in Table 8-41, depending 
on 1,. 

In the problem considered at p=1 x 10° Pa t, = 
= 99.6 C: from Table 8-1 we find that 


A = 51.2 1/m-°C; B =6.25 x 107 m/W: 
the temperature difference 
At = t, —t, = 996 — 94.5 = 5.1°C; 
the reduced length of a tube 
Z= AtHA = 54 X 2 X St 2 = 522 < 2300. 


Consequently, the condensate is in laminar flow along the 
entire height of the tube and heat transfer can be calculated 
by formula (8-5). 

The Reynolds number 


Re = 3.8Z°-78 = 3.8(522)-78 = 500. 
The heat-transfer coefficient 


Re 500 


RS RE ae eS OLS TT DE z.° 
Oo = “MHB 2.4% 2X6 25x 10-8 7840 W/m?.°C. 


With t, = 99.6°C the heat of vapourization r = 2258 kJ/kg 
and the amount of steam that condenses on the surface of the 
tube 


G=-ndH 2M = 344K 2x 10% x2 7840 X 5.4 


2258 x 108 
— 2.92 x 10-3 ke/s 
Or 


G = 2.22 x 107° x 3600 = 8 kg/h. 
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Comparing the obtained values of a and G with the 
answer to problem 8-4, it canbe seen that the heat-transfer 
coefficient and the amount of cendensing steam shall he 
about one half less than for a horizontal tube. 


8-15. Dry saturated steam undergoes film condensation on 
a horizontal tube of a diameter d = 16 mm and length / = 
= 1.2m ata pressure p = 3 MPa. The tube surface tem- 
perature ¢t,, = 227° C. 

How shall change the mean coefficient of heat transfer 
from the condensing steam to the tube, if the tube is vertical, 


and all other conditions remaining unchanged? 
Answer 


Qoer ~y 0.55ahor. 


8-16. Under the conditions of problem 8-15, determine 
the number of condensate-removing disks, 2, to be arranged 
om a vertical tube, so that the heai-transfer coefficient for 


the vertical tube would be equal to tiat for a horizontally 
arranged tube (Lover — hor)- 
Answer 


n = 15 disks. 


8-17. A steam-to-water heat exchanger is built-up of n = 
= 218 vertical tubes having a diameter d = 16 mm and 
height H = 1.5 m. 

The tubes are cooled with the water flowing through them 
so that the mean temperature of the tube outside surface 
tw =4173°C. Dry saturated steam condenses at a pressure 
p = 1 MPa on the external surface of the tubes. 

Determine the coefficient of heat transfer from the condens- 
ing steam to the surface of the tubes and the amount of heat 


Q, kW, transferred to the water in the heat exchanger. 
Answer Nee, 


a = 8800 W/m?-°C; Q@ =1 MW. 


8-18. Determine the critical height of the tubes H,,, 
at which, assuming the conditions of problem 8-17, the 
laminar flow of the condensate film shall turn into turbulent 
at the bottom end of the tubes. 

Answer 


A., = 2.2 m. 
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Solution 
The change from the laminar flow of the condensate film 


to turbulent flow takes place at the critical magnitude of the 
reduced length of tubes 


Zer = (HAt)-,A = 2300. 


Under the conditions of problem 8-17 p = 1 MPa, t, = 
= 173°C. At the given pressure t, = 179.9°C and At = 
= 179.9 — 173 = 6.9°C. From Table 8-1, at a saturation 
temperature ¢t, = 179.9°C, we find that 


A = 149.9 1/m-°C; 
then 


yer. __ 2300 
cr TAAt 149.9 x 6.9 


8-19. Determine the temperature difference at which the 
film of condensate shall remain in laminar flow along the 


entire height of the tube, under conditions of problem 8-17. 
Answer 


= 2.22 m. 


At < 10.2°C 


8-20. The cooling water, flowing through the tubes of a 
vertical steam-to-water heat exchanger must remove an 
amount of heat @ = 350 kW. 

Dry saturated steam condenses on the external surface of 
the tubes at a pressure p = 1.5 MPa. 

Determine the temperature difference required. if the heat 
exchanger is built-up of x = 50 tubes having a diameter 
d = 22 mm and a height H = 1.5 m. 

Answer 


At = 8°C. 


Hint. Since under the conditions of the problem the 
temperature difference is unknown, it is impossible to 
determine directly the reduced length of the tubes Z, and iden- 
tify the pattern of flow of the condensate film on the external 
surface of the tubes. In this connection, a preliminary cal- 
culation should be carried out, assuming the condensate to 
be in laminar flow along the entire height of the tubes. Hav- 
ing determined the magnitude of At, it is necessary to check 
the pattern of condensate flow. 
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With the condensate film in laminar flow according to 
formula (8-5) 
Re = 3.8 (HAtA)?®.78, 
where 
Re = aHAtB. 


Allowing for aAt = Q/F, where F = ndHn, m’*, we 
obtain the following expression for the temperature 


difference: 
Zz OB 1/0.78 4 
At = ( 3.8ndn } AH ° 


8-21. Dry saturated steam condenses on the external 
surface of a vertical tube. The condensate film is in laminar 
flow along the entire height of the tube. 

Determine’the dependence of the rate of heat flow g, W/m%, 
and the heat flux Q, W, on the height of the tube. 

” Answer 


q~z HO™;, Ow H*%8, 


8-22. Dry saturated steam condenses on the vertical tube 
of a water heater at a pressure p = 8.6 MPa. The temperature 
of the tube external surface ¢,, = 287°C and the height of 
the tube H = 1.8 m. 

Determine the mean coefficient of heat transfer from the 
condensing steam to the wall of the tube. 

Answer 


a = 8100 W/m?.°C. 
Solution 
At p = 8.6 MPa t, = 300°C; from Table 8-1 we find: 
A = 354 1/m-°C, B = 31.21 x 10-* m/W. 
The temperature difference At = t, — t,, = 300 — 287 = 
== 13°C, consequently, the reduced length of the tube 


Z = AtHA = 13 X 1.8 * 354 = 8380 > 2300. 


Since the reduced length exceeds the critical, the conden- 
‘sate film is in turbulent flow along the bottom pare of the 
tube. 

With film-type condensation of dry saturated steam and 
the condensate film in a combined pattern of flow the length- 
wise mean heat-transfer coefficient can be determined by 


e: 
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formula {10}: 


Re = | 253 +-0.069 (-5-)”"” Pro-s(z—2300)]"", (8-6) 


where Pr and P:,, are Prandtl numbers for condensate res- 
pectively at the temperatures ¢, and ¢,,. The remaining 
notations are as in Formula (8-5). 

Formula (8-6) is valid provided Z > 2300. 

In the problem considered at t, = 300°C Pr = 0.97; 
at ¢,, = 287°C Pr, = 0.921. Formula (8-6) gives: 


Re =| 253-+0 069 ( F357)" x 0.9795 (8380 — 2300) |"? = 


= 9930. 
Allowing for Re = aAtHB, we find: 


— Re 9930 17.2 0 
*= SHB XLS a at xtos = S100 Wimt'. 

8-23 Dry saturated steam condenses at a pressure p = 
= 5.6 MPa on the tubes of a vertical water heater in which 
the heated water flows through the tubes, having an external 
surface temperature t, = 
= 260°C. 

Determine the amount of 
heat transferred to the water, 
O, kW, if the water heater 
is built-up of n== 112 tubes 
of an outside diameter d=: 
=16 mm and height H= 
= 2 m. 

Answer 


Q = 1 MW. 


8-24, Determine the va- 
riation of the mean heat- 
transfer coefficient along a 
vertical tube on which dry 
saturated steam condenses 
at a pressure p = 6 MPa. 
Tube surface temperature 
Fig. 8-5. Solution to problem 8-24 t, = 260°C. 
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Calculate the mean heat-transfer coefficient for tubes of 
height H, equal to 0.2, 0.4, 0.6, 0.8, 1.0, 1.25, 4.5, 1.79, 
2.0, 2.5, 3, and 4 m and plot @ as a function of height, 

= { (#). 

Answer 

Calculation results are shown graphically in Fig. 85 
and also tabulated below: 


Hy 6. 6 we A 0.2 0.4 0.6 0.8 1.0 1.25 
a,Wim?ec . . . . 11000 9440 8600 8150 7880 7780 
Hy, % « & &a@ 1.5 1.75 2.0 2.5 30 4.0 
a, W/m®-C  . . . «7760 = =7800 7840 8000 8200 8630 


8-25. Under conditions of problem 8-24 determine the 
variation of the amount of heat Q, kW, transferred from the 


TT on. 
Z| [ili 


Ib 


Fig. 8-6. Solution to problem 8-25 Fig. 8-7. alge to prob- 
em 8- 


steam to the surface of the vertical tube, depending on its 
height, assuming a tube diameter d = 22 mm. 
Answer 


Calculation results are presented graphically in Fig. 8-6 
and also tabulated below: 
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H,m ..... 02 04 £406 O8 4.00 4.25 
Q,kW ..... 164 2.76 3.76 4.76 5.76 7.40 
Hym ..... 15 14.75 20 25 30 £40 
Q,kW ..... 8.53 10.0 11.4 146 17.9 25.2 


8-26. Determine the coefficient of heat transfer from steam 
to a tube of the upper row of-the horizontal bank of tubes 
of a turbine condenser. The outside diameter of the tube 
d = 18 mm and the tube surface temperature ¢,, = 22°C. 

The dry saturated steam, condensing under a pressure 
p = 5 kPa on the surface of the tube, moves downward with 
a velocity w, = 20 m/s (Fig. 8-7). | 

Compare the result obtained with the heat-transfer coef- 
ficient for stagnant (still) steam. 

Answer - 


a = 13700 W/m?-°C; a/a,, = 1.34. 


Solution 
For the case of dry saturated steam, condensing on horizon- 
tal tubes with wi,p” < 1, the heat-transfer coefficient can 
be calculated with no account taken of the effect of steam 
svélocity on heat transfer, i.e. by means of formula (8-4). 
“With wip” > 1 account should be taken of the effect 
‘of steam velocity on the intensity of heat transfer. The 
oo coefficient then can be calculated by formu- 
a 


—= 28.311" °F Nu? 88, (8-7) 
where @,,; = heat-transfer coefficient calculated for stagnant 
steam with the aid of formula (8-4): 


WP" Act 
Nuy =“; T= 


where w,; = velocity of free-stream steam flow; 
p° = steam density at saturation temperature t,; 
p’ and A = density and thermal conductivity of condensate 
at saturation temperature ?,. 
Formula (8-7) is applicable at steam pressures ranging 
from 5 to 100 kPa, temperature differences, ut = t, — t,,, 
from 2 to 20°C, and II < 800. 
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In the case considered, at p = 5 kPa, t, = 32.9°C and 
at that temperature po = 0. 6354 kg/m’, p’ = 995 kg/m', 
7A = 0.623 W/m-°C, and We = “902 x 0.0354 = 
‘= 14.2 kg/m-s?. Since wp" > 1, calculation formula (8-7) 
is applied. 

With stagnant steam condensing on a tube the heat-trans- 
fer coefficient is determined by formula (8-4). 

At t, = 32.9°C we find from Table 8-1 that 4A = 
= 8.9 1/m- °C, B= 2. 20 x 10> m/W, the temperature 
difference At = t, — t, = 32.9 — 22 = 10.9°C, and the 
heat-transfer coefficient for. stagnant steam 


(mRAt)™25 


Cet =o: 20 


g.9)°-7 
2.2X103 (3.449 x 10-3 x 10.9) 9-7 


= 10200 W/m2.°C. 


The dimensionless terms Nu,; and II: 


pt me ae 7 285; 
e"%s1 202 x 0.0354 x 1.02 x 104 
= — or 9-81 x 905 X08 8 


The heat-transfer coefficient 
a 98. 311°-°8Nu;, 94 = 28.3 (23.7)°°8 (295)~9°® = 1.34: 
= 10 200 x t.34 = 13 700 W/m?-°C. 


8-27, Under conditions of problem 8-26, how shall change 
the coefficient of heat transfer from steam to the tube of 
the condenser, if steam velocity is changed from 10 to 40 m/s. 
Plot a graph presenting a as a function of w,. 

Answer 
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At p = const asuvl!® and, consequently, the heat- 


transfer coefficient shallincrease by 25 per cent. Calculation 
results are presented graphi- 
W/ m2. °C cally in Fig. 8-8. 


8-28. Under conditions of 
problem 8-26, how shall change 
the coefficient of heat trans- 
fer from steam to the tube of 
the condenser, if steam pres- 
sure is changed from 0.05 x 
x 10° to 0.5 x 10° Pa with 
the temperature difference 
At = 10.9°C and all other data 
remaining unchanged? 

Answer 
| The heat-transfer coefficient 

, ~~ shall increase by 37 per cent 
7 <4 _ 0 ms and aft a pressure p = 0.9 Xx 
Fig. 8-8. aig to problen ~ 10° Pa a = 18 000 W/m?."C. 


8-29. Determine the mean 

coefficient of heat transfer from 

steam to the tubes of a condenser which is constructed as a 
horizontal in-line bank of tubes comprising n == 14 rows 
of tubes across the direction of steam flow in the condenser. 

The outside tube diameter d = 16 mm. The transverse 
pitch of the tubes are arranged horizontally with a pitch 
s = 1.25d (Fig. 8-9). The heat-transfer surface is the same 
for all rows of tubes. 

The dry saturated steam, condensing on the surface of the 
horizontal tubes at a pressure p = 9.8 kPa, moves down- 
ward. Steam velocity upstream of the first (top) row of tubes 
W, ae m/s. The surface temperature of all tubes t, = 
= 35°C. 

‘The steam pressure ind the temperature difference are 
assumed to be consta:' over the height of the bank of tubes. 


Answer 


a <= 13 700 W/m?-°C. 
Solution 
With downwaru tlowing pure steam, condensing on hori- 
zontal banks of tubes, the heat-transfer coefficients for 
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individual rows of tubes of a bank of tubes can be deter- 
mined with the aid of the following approximate calculation 
method (26]: 

4. The amount of steam AG,, condensing on the tubes of 
each row, the rate of steam flow G,, and the coefficient of heat 


med ||| 


388 


try 95 C 


73 


1h 


Fig. 8-9. Solution to problem 8-29 


transfer for each row of tubes a, are calculated. Inso doing, 


*  @) Fn At 


AG, = , ke/s; 


r 
Grey = G,, aera AG,, keg/s, 


where, according to formula (8-7), 


a, _ (f2)o"; (8-8) 


hy wy 


fF, = heat-transfer surface for the row of tubes con- 
sidered; 
w, and w, = steam velocities in front of the first and 
nth rows. 
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2. The corrections accounting for the downward flow 
of condensate are determined by formula 


(a) 
en = a ’ (8-9) 


where s AG, = the total amount of condensate flowing 


down the nth tube; 
AG, = the amount of condensate forming on the 
nth tube (i = n). 
3. The heat-transfer coefficient for the nth row of tubes 
is determined, with account taken of steam velocity and 
the downward flow of condensate, by formula 


An = An&p. (8-10) 


In the problem considered, first the heat-transfer coef- 
ficient for stagnant steam is determined with the aid of 
formula (8-4). 

At p = 9.8 kPa 1, = 45.5 °C. 

From Table 8-4 we find that 


A = 13.7 1/m-°C; B = 2.83 xk 107 m/W. 


The temperature difference At = & — te = 45.5 — 35 = 
== 40.5 °C; 


A: 75 4 
hsp = 9. 96 2. ar (aRAnoss 


19.7)° 7§ ‘ 

= 9.25 _ 

TEXT BROILER 
=a 41300 W/m?.°C. 


With account taken of steam velocity, the heat-transfer 


coefficient for the first row of tubes is calculated by formula 
(8-7). 
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At t, = 45.5°C p” =0.0668 kg/m’, p’ = 991 kg/m’, 


~% = 0.645 W/m-°C, r = 2393 kJ/kg. 
| 4.13 x 410* x 1.6 x 103 
TT a= RO "at_ _. 35" X 0.0888 x 1.13 x 404 


ph DBT x 901 x0.S AAS 
St = 28.31 Nugg' = 28.3 (147) (281)? aw 1.6, 
whence 
a= 1 cree = 46 x 14 300 = 18 000 W/m?.-°C, 


The amount of steam condensing on length of 1 m of a tube 
of the first row 
AG, ox 2 Bt Rd, 1-81 X 104 x 10.5 X 3.14 x 1.8 10-9 
i ro” 2393 x 109 _ 
== 3.98 x 10°° kge/m-s 
oF 
AG, = 3.98 x 10 x 3600 = 14.3 kg/m-h. 
The rate of steam flow per 4 m length of a tube of the 
first row G, = w,p'’s X 3600 = 35 x 0.0668 x 1.25 x 
x 0.016 x 3600 = 168 kg/m-h. 
The amount of steam condensing on a tube of the 


second 
ROW .. : 


e 


Gy = G, — AG, = 168 — 14.3 = 153.7 kg/m-h. 


Since, according to the conditions of the problem, the geo- 
metric characteristics of all rows of tubes are the same, then 


f= = 0.915 and w,=0.915 x 35= 32 m/s. 


In accordance with formula (8-8) 
a {we \9-16 0.16 | 
S = ew, = (0.915)""** ~ 0.985 


and, since p, At, r and d are constant for all rows of tubes, 
then ' 


AG, = AG, St = 14.3 x 0.985 = 14.4 kg/m-b. 
£60215 


942 Problems in Heat Transfer 


The values cf AG,, w, and a;/a, for all rows of tubes are 
calculated in a similar manner. 
Calculation results are tabulated below: 


{ | 1.0 
D | 0.9 
3 | 0.9 
4 1257 |° 26.4 0.953 | 13.6 | °0.910 | 45700 
5 442.14 | 23.4 0.936 | 43.4 | 0.893 | 45400 
‘ 6 98 7 20.6 0.948 13.4 0.880 44 500 
7 86 | 17.8 6.900 | 42.9 | 0.870 | 44450 
8 72.7 | 45.4 0.875 | 12.5 | 0.864 | 43550 
9 60.2 | 42.5 0.850 | 12.4 | 0.853 | 13400 
10 48.4 | 10.0 0.820 | 44.7 | 0.845 | 42500 
{4 36.4 7.60 | 0.785 | 44.2 | 0.887 | 11850 
12 25.2 5.25.1 0.738 | 10.5 | 0.880 | 44050 
{3 14.7 3.06 | 0.680 9.7 | 0.822 | 10400 
14 5.0 1.04 | 0.625 5.0 | 0.844 9 200 


A correction 1s introduced into the values of the heat- 
transfer coeiicients, accounting for their lessening, due to 
downward fluw of the forming condensate: 


n= (AEB Ma (ME 54 


std asus: “a e, = 18 100 x 0.985 x 0.954 == 
== 17 000 W/n.?-°Cs 


_ AGy+AGg+AGy \-0.07 
_ 14.3-+-14.1+13.9 -0.07 
= aaa ) — ().997 


and 


ay = 18100 x 0.97 x 0927 = 16 300 W/m*-°C. 
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The results of a ennneinivd calculation of the heat-transfer 
coefficients for the rows of tubes are tabulated above. 


For the entire bank of tubes the mear heat-transfer co- 
efficient 


: 125 
ee 
a= DF, 

t=x{ 


where F, = heat-transfer surface of individual rows of 
tubes; 
F = total heat-transfer surface. 
Since the heat-transfer surfaces of all rows of tubes are 
assumed to be the same, then 


t 
= 4 
pees 2 Oe 
i={ 


Summing up the values of a,, given in the last column 
of the table, and dividing this sum by the number of rows 
nm = 14, we find 


a= 413700 W/m?-°C. 


8-30. Determine the heat-transfer coefficient for a tube 
of the fifth (counting from the top) row of the condenser 
considered in problem 8.29, if the velocity of steam, upstream 
of the upper row of tubes, is reduced by one half, and 
all other conditions remain unchanged. Also, determine the 
amount of steam condensing on length of 4 m of the tube, 
AG, kg/m-h. 

Compare calculation results with the data obtained in 
solving prolem 8-29. 

Answer 

With w, = 35 m/s as = 15100 W/m*-°C and AG; = 
= 13.4 keg/m-h. 

With w, = 17.5 m/s a, = 12 450 W/m!?-°C and AG; = 
= 41.4 kg/m-h. 


16, 


Chapter Nine 


HEAT TRANSFER 
IN BOILING LIQUIDS 


-9-1, Determine the coefficient of heat transfer from the 
external surface of the tube of an evaporator to boiling 
water, if the rate of heat flow through the heat-transfer 
surface g = 2 x 10° W/m!, the liquid is in nucleate boiling 
under a pressure p = 2 X 40° Pa. 

Answer — 
een a = 18400 W/m!.°C. 

—Solation 
With liquid in pool nucleate boiling the heat-transfer 


coefficient can be caleulated by formula [411]: 
with Re, > 10-* 


Nu, = 0.425Re,-®*Pr/s; (9-4a) 
with Re, <10-* 
Nu, = 0.0625Ree* Pris. (9-4b) 
where 


Vv, Cp, r, A, a and o = respectively the dynamic viscosity 
coefficient, heat capacity, evapora- 
tion, thermal conductivity, thermal 
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diffusivity, surface tension coeffi- 
cient at the saturation temperature 
es; | 
p’ and p” = respectively densities: of liquid and 
vapour at saturation temperature 
t,; 
T, =.saturation temperature, K. 
Formulae (9-4a) and (9-4b) are valid at 0.86 < Pr < 7.6, 
10-* < Re, < 10*, and a pressure from 45 x 10* to 175 x 
x 108 Pa. | | | 
For water the values of /, and I,/rp’v, depending on tem- 
perature, are given in Table 9-4. 


a : ‘ Table 9-1 
Values .of z., ro"¥ and om in Formulae (9-fa) and (9-fb) 


fe lex 108, ne 106, i 10%. 
m/w if-c 
30 [16 450 276 870 32.2 
40; 5 950 73 345 27.5 
501 2305 20 894 23.5 
60/ 960 6 543 20.2 
70| 423 2204 17.3 - 
80i 197 798 15.4 
90} 96.0 304 13.6 
100] 48.7 122.4 14.4 
410 25.9 51.8 *9.80 
420} - 44.2 22.8 8.80 
130 8.05 10.7 7.47 
140 4.70 6.46 
150 2.82 5.64 
160 1.73 4.93 
470 1.08 4.34 
180 0.745 ‘3.77. 
3.36 - 


In the case considered, at a pressure p = 2 x 10° Pa, 
saturation temperature ¢, = 120.2 °C, 4 = 0.686 W/m-°C: 
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Pr = 1.47. From Table 9-1 we find: 
lL, = 14.08 «x 10-* m and 1,/rp"v= 22.56 x 10-° m?/W. 
The Reynolds number 


* 


Re, = a = 2 x 108 ¢ 22.56 x 10-5 = 4.514. 


Since Re, > 10-, calculations are carried out with the 
aid of formula (94a). Substituting the values of Re, and 
Pr into that formula, we find that: 


Nu, = 0.125 (4.54)""® (4.47) “3 = 0.378. 


The heat-transfer coefficient 


Ar. 0.686 o 
9-2. Solve problem 91 on condition that water is under 
a pressure p equal to 1, 2.5 and 5.0 MPa. Also, determine 
the difference between the temperatures of the heating 
surface and boiling water At = t,, — ¢, at these pressures. 
Answer 
With p=1.0 MPa a=22600 W/m?.°C and At ~ 8.9 “C; 
with p=2.5 MPa a=27400 W/m?2-°C and At 7.3 °C; 
with p=9 MPa a=40400 W/m?-°C and Atw5 °C. 


9-3. Determine the coefficient of heat transfer from the 
outside surface of the tube of the evaporator, considered in 
problem 9-1, under the condition that the rate of heat flow 

= 3 xX 10° and 4 X 10° W/m, all other conditions re- 
maining unchanged. 

Answer 

With g=3 x 105 W/m? a = 24 200 W/m?.-°C; 

with q = 4 xX 108 W/m? a = 29000 W/m?.°C. 


9-4. Derive the formulae for heat transfer in nucleate 
pool boiling, in which the Nusselt number Nu, would be a 
function of the temperature difference. . 

Hint. To obtain the indicated relationships the raie of 
heat flow g should be replaced in formulae (9-1a) and (9-ib) 
with aA7. For instance, presenting formula (9-1b) in the 
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form 

ote — 0.0625 (Se. )"° Pr 
and, making use - the uiiialley q = aAt, we obtain: 

Ge _ 9.0625 (25t%)" Pr'/s, 

tAy ay 
whence 

1.)°-§ — 0.06252 (=) Pris 

(0 e) ne ae rp’v 


and 


= (0.0625)? (= ~ot) Pris 
Hence, formula (9-1b) acquires the appearance: 
Nu, =3.91 x 10-8 (=) Pr’, 
Proceeding in a similar way, we can transform formula 


(9-48) and find the applicability range for these formulae. 
Answer 


With 7 Pr'/t>1.6 


Nu, =2.63 x 10° ( — ~— Pr0.952, (9-2a) 

with — Pr/s<1.6 
Nu, = 3.91 x 10°*( =>. Pr/s, (9-2b) 
Formulae (9-2a) and (9-2b) are applicable within the same 


limits of Prandtl and Reynolds numbers and pressures as 
formulae (9-1a) and (9-1b), and on condition that 


0.05<—~ mE Pr/s< 200. 


For water the values s, the term A/rp’v, 1/°C, depending 
on temperature, are given in Table 9-1. 


9-5. Determine the rate of heat flow through the heating 
surface of a steam generator (boiler unit) with water in 
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nucleate pool boiling, if the water is under a pressure p = 


— 


= 6.2 x 10° Pa and the temperature of the heating surface 
Lie — 175 i Ge 


Answer 


gq = 790 kW/m’. 
Solution 


With p = 6.2 x 10° Pa t, = 160°C, Pr = 1.4, 1 = 
= 0.683 W/m-°C; from Table 9-1 we find: 
A/rp"v = 0.526 17°C; l, = 1.73 xX 10-* m. 


The temperature difference At = t,, —t, = 175 — 160 = 
== {5 °C. 


Then, 
MAE _ 0.596 x 15 =7.9 
ro”"v 

and 

rAt 

ory PENS = 7.9 (A A)"/* = 8.45, 

Since 
| VAt 
ro"v Pris > 1.6, 


calculation formula (9-2a) is used: 
Nu, = 2.63 x 107? (7.9)*-88 (4.4)°95* = 0.434. 
The heat-transfer coefficient and the rate of heat flow: 
a =Nu, —- = 0.1347 __. — 52800 W/m?.°C 
* 


1.73 x 1076 
and 


g = aAt = 52.800 x 15 = 7.9.x 108 W/n!. 


9-6. Determine the coefficient of heat transfer from the 
outer surface of the tube of a steam generator to water, boiling 
under a pressure p = 4.7 MPa with tube surface tempera- 
tures, ¢t,, equal to 265, 270 and 275 °C. Also, determine the 
rates ot heat flow at respective tube surface temperatures. 

Answer 

With i, = 265 °C a = 38 400 W/m*-°C g = 192 kW/m!; 

with ¢t,, = 270 °C a = 76 800 W/m!?-°C gq = 768 kW/m'; 

with ¢,, = 275 °C @ =123. 000 W/m?-°C g= 1850 k W/m’. 
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9-7. Determine the critical heat -flux with water in pool 
boiling at a pressure p = 1 X 10° Pa. 
Answer 


Ger = 1.4 X 10° W/m!?. 


Sel ution 
With water in pool boiling the critical heat flux can be 
calculated with the aid of formula [11] 


Re,cr = 68Ar,*Pr-", (9-3) 
where 


Gorle . 
Rec, = oo j 
IZ p'—p” 
a3 p’ e 


Ar, =g 


The notations of all quantities are the same as in formulae 
(9-1) and (9-2). The formula is applicable at 0.86 < Pr <= 
< 13.4 and pressures falling within 1 x 10° < p < 185 x 
xX 10° Pa. 

In the case considered 

with p = 1 x 10° Pat, = 99.6 °C, v = 0.296 x 10-6 m/s, 
. Pr = 1.76, p’ = 960 kg/m’, p” = 0.59 kg/m’. 

From Table 9-1 we find: 


1, =50.6 x 10-6 m; me —130 x 10-6 m2/w. 


The Archimedes number 
2 p’—p" (5.06 x 10-5) 960--0.59 
Ar, =g a — a 9.81 “(2.96 x 10-3)3 ——o60 14.4. 
With the aid of formula (9-3) we find: 
Rec, = 68Aré/ePr-/3 = 68 (14.4)? (1.76) 7 */3 = 184 
and | 
_ rp’'v 1 _ 
Ger = Reger —— = 184 730 x 10-8 = 1.41 x 106 W /m?. 
9-8. Determine the critical rate of heat flow, or heat 
flux, with water in pool boiling under a pressure p = 7.5 


and 15 MPa. Compare calculation results with the answer: 
to problem 9-7, 
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Answer 


With p = 1 x 10° Pa q., = 1.4 X 10° W/m*: with p = 
= 75 x 10° Pa q.,, = 41 x 10® W/m’, with » == 150 x 
x 10° Pa g,, = 3 X 10° W/m’. 


9-9. Calculate (approximately) the maximum heat-trans- 
fer coefficient for water in nucleate pool boiling, if water 
pressure is 1 x 10° and 75 x 10° Pa. 

Also, determine the temperatures of the heating surface 
at which film-type boiling sets in at the indicated pressures. 

Note. In determining the critical temperature difference 
Ate, = (t,, — ts)er, use can be made of the auswers to prob- 
lems 9-7 and 9-8. The magnitude of a,, can be evaluated 
with the aid of formulae (9-1a) and (9-4b). 

Answer 

Atp =i x 10° Paa,, ~ 60 000 W/m?-°C, A?., a 23 °C, 
and surface temperature ¢,, ~ 123 °C. 

At p =75 X 10° Pa a,, ~ 2.4 x 108 W/m?-°C, At. ~& 
ez 147 °C, and t,, ~~ 307 °C. 


9-10. Water boils at a pressure p = 4.9 x 10° Pa on 
the surface of a tube having a diameter d = 38 mm and 
length / = 0.5 m. The inside surface of the tube is heated 
with the aid of an electric heater. The power consumed for 
heating W=7 kW. 


Determine the outside surface temperature of the tube. 
Answer 


ty == 459 °C. 


9-11. Determine the heating surface required for a steam 
boiler generating G = 4 t/h of steam at a pressure p = 
= 15.7 x 10°. The temperature difference would be 

At = t, — t, = 10°C. 


Answer 
Fk =6 m?’. 


9-12. Assuming the conditions of problem 9-11, what 
temperature difference should be ensured, to increase the 


capacity of the steam generator 2.5 times with the same 
heating surface & = 6 m?*? 
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Answer 


At == 13.8 °C. An increase of the temperature difference 
from 10 to 13.8 °C results in an increase in the steaming 
capacity of the boiler unit from 4 to 40 t/h. 


9-13. Water boils on the outside surface of a tube at a 
pressure p = 3.3 MPa. The rate of heat flow on the surface 
of the tube g = 1.75 xk 10° W/m’. 

Determine the an temperature of the tube: (a) if the 
surface is clean; (b) if the 
surface of the tube is covered 
with an oxide film, whose 
resistance to heat flow R = 
= 7.75 °C-m?/W. Solving the 
problem, assume that due to 
the roughness of the oxide 
film, the heat-transfer coef- 


ow 


PP Ka KK 


ficient increases on its surface 
2.9 times, compared with boil- 
ing on a clean surface [8]. 

Answer 

When boiling takes place on 
a clean surface t,, = 245 °C. 
In the presence of an oxide 
film t, = 255 °C. Respective 
temperature distribution 
curves are shown in Fig. 9-1. 

Solution 

(a) Ifthe surface of the tube 
is clean, the difference be- 


eae = 
ata" @ OC. a 


~,.= 


2¢0 


SOO aes 


®.' wv 


~~ 
x 


SKIL 


Fig. 9-4. Solution to problem 
9-13 


tween the temperatures of the wall and boiling liquid, 
t, —t, = qa, and the heat-transfer coefficient in the above 
relationship is determined by means of formula (9-4a) 


or (9-1b). 


With p = 3.3 MPa t, = 239.2°C and 1, 
x 10-* m, 1,/rp"v = 0.0163 x 10-¢ 


Pr = 0.87 
The Reynolds number 


Re, =#— = 1.75 x 10° x 0.0163 x 10-6 = 


rp 


= 0.0699 x 


m*/W, 1=0.629 W/m-°C, 


2.86 x 1073, 
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Since Re, << 10-*, the Nusselt number Nu, is determined 
from formula (9-1b): 


Nu, = 0.0625Reo= Pr — 0.0625 (2.86 x 1073)" 
x (0.87)? = 3.19 x 10°. 
The heat-transfer coefficient 
a= Nu, =~ =3.19 x 103 aoe = 3 x 10¢ W/m?.°C 
and the a temperature difference 


oer ee 4. | 1.75 10° _ o 
whence 


= §.83 + 239.2 ~ 245 °C. 
(b) With paceds taken of the additional thermal resis- 
tance to heat flow offered by the oxide film t,, — t, = q/k, 
where, assuming approximately as for a plane wall, 


{ 
{ 8 
a7 tk 
and using the conditions of the problem 
a’ = 2.50 = 2.5 x 3.104 = 7.5 x 104, W/m?2-C, 
we obtain: 


fe == —_—_____—_— = 1.1 « 10 W/m?.-°C, 
TEx TTX 10-5 


_@ _ 1.75x 105 ° 
tw— b= = Taxi = 19.9 °C 


ty = 15.9 + 239.2 ~ 255 °C. 


9-14. Solve problem 9-13 on conditions that the rate of 
heat flow on the tube increased 2 times (¢q = 3.5 «105 W/m’), 
and all other conditions remsined unchanged. 

Answer a 

With liquid boiling on a clean surface the temperature 
_ difference shall increase Y2 times and t,, ss 247.4 °C. 

In the presence of an oxide film ¢,, ~ 270 °C. 


and 
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9-15. A tube having an inside diameter d = 18 mm car- 
ries boiling water flowing at a velocity w =1 m/s The 
boiling water is under a pressure p = 8 X 10° Pa. 

Determine the coefficient of heat transfer from the wall to 


the boiling water, if the inside surface temperature of the 
tube ¢,, = 173 °C. 


Answer 


a =a, = 8040 W/m?-°C. 
Solution | 
With a boiling liquid in forced flow in tubes on condition 
that the liquid is heated to the saturation temperature, the 


heat-transfer coefficient can be calculated by the following 
formulae {11}: 


with —-<0.5 | 
= A=Ay} (9-4a) 
with —->2 
Qip 


=p} (9-4b) 
with 0.5 < — <2 
w 


a _ Away 
Gu Saw ap Sais 


where @ = tieat-transfer coefficient for boiling liquid in 
forced flow in tubes; 
@») = heat-transfer coefficient for: liquid in nucleate 
pool boiling, determined by means of formulae 
(9-4) or (9-2); . 
@» = heat-transfer coefficient for a single-phase liquid 
in turbulent flow in tubes, determined by 
formula (5-7). 
Formulae (9-4a) through (9-4c) hold for water at pressures 
ranging from 1 xX 10° to 86 x 10° Pa with velocities from 
0.2 to 6.7 m/s and a volume vapour fraction 8 < 70%. 
Determine the heat transfer coefficient for a single-phase 
liquid in forced flow in tubes, a,. With p = 8 x 10° Pa 
be = 170.4 °C, v, = 0.184 x 40-* m/s, A, = 0.679 W/m-°C, 
Pry = 4.05. 
With t, = 173°C Pr, = 1.04. 
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The Reynolds number 


Re, — eS TE 


By formula (5-7) we find: 
Nu, = 0.024 Rey ®Pry 8? (Pry/Pry) 


= 0.024 (9.94 x 104° (4.05)"*9 (7 =) —213 

hence, the heat-transfer coefficient 

oe ae 0.679 ; 
Qy = Nu; ar — 213 {8 x 10-3 = 8040 W /m?. C. 

Determine the heat-transfer coefficient for liquid in nu- 
cleate pool boiling, a 

With t, = 170.4 °C from Table 9-1 we find 

1, = 1.07 x 10-° m; 


rn | 2 ; 
ors = 44.2 x 10° 21/°C; 
At 


= t, —t, = 173 — 170.4 = 2.6 °C; 
— — 44.2 x 10-2 x 2.6 =1.15- 
A At # Ppa 


1.15 (1. 05)" °=1.17< 1.6 
and salina formula (9-2b) is used 


Nu, = 3.91 x 10- (<5 ) Pris = 3.91 10-3 x 


« 4.15 (1.05) 78 = 4.67 x 10-3 
The heat-transfer coefficient 


- A 3 0.679 r 
b= Nu, —~ = 4.67 x 10- Torsion = 2960 W/m?. C. 
— the ratio of the heat-transfer coefficients 
Ap/Q 15: 
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Since a/a, <. 0.5, then, according to formula (9-4a) 
the intensity of heat transfer is characterized by forced flow 
and @ = a, = 8040 W/m?.-°C. 


9-46. Under conditions of problem 9-15 determine the 
coefficient of heat transfer for boiling water in forced flow 
in a tube, if the temperature of the tube inner surface is 
t. = 175 and 180 °C. 

Answer 

With ¢, = 175 °C a = 9150 W/m*.°C; 

with ¢, = 180°C a = 25 200 W/m?.-°C. 

Solution 

(a) t, = 175°C. With the wall at different temperatures 
the heat-transfer coefficient fora moving single-phase liq- 
uid changes only due to the variation of the physical prop- 
erties of, the liquid over the cross section of flow, which 
is accounted for by the c.rrection (Pr,/Pr,,)°-2°. With t, = 
= 175 °C Pr, = 1.03 and, just as it was assumed in prob- 
lem 9-15, (Pr,/Pr,,)°?25 ~1. It follows from the solution 
of problem 9-15 that 


a, = 8040 W/m?-°C. 


Determine the heat-transfer coefficient for liquid in 
nucleate pool boiling: 


At =t, —t, = 175 — 170.4 = 4.6 °C; 
At 46 x 44.2 x 10°? = 2.03. 
rp"v 
At 
ro“v 


Nu, = 2.63 x 10-5 ‘ot ye Pp0.952 — 


rp”y 


Since 


>> 1.6, calculation formula (9-2a) lis used: 


= 2.63 x 10-3 (2.03)'°8 (4.05)°:9°? = 4.017 « 1072: 


ap =Nu, 7 = 1.017 x 10% PSF = 6450 Wym?.°C. 


The ratio of heat-transfer coefficients 
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Sihce 0.5 < a,/a,, << 2, then, according to formula (9-4c), 
the intensity of heat transfer is determined both by forced 
flow of the liquid and by the process of boiling, and 


&  44y+an 440.8 
Ay  Ryp—-a,  5—0.8 — 


consequently, a = 1.14a,, = 1.14 x 8040 = 9150 W/m!?.-°C. 
(b) With 2, = 180°C Pr,, = 1.00 and, just as in case 
(a), it may be assumed that } 


a, = 8040 W/m?.-°C, 


Determine the heat-transfer coefficient for liquid in nucle 
ate pool boiling 


At = t, — t, = 180 — 170.4 = 9.6 °C 
and, just as in case (a), 


rn At 
rp"v 


1.14, 


Pri/s > 1.6, 


therefore, 


a= a, « ( ye = 6450 (3) = 25200 W/m?-°C. 


The ratio of the heat transfer cvefficients 


In accordance with formula (9-4b), the intensity of heat 
transfer is determined then only by the process of boiling 
and 


a = ay = 25200 W/m?-°C. 


9-17. A tube having an inside diameter d = 38 mm car- 
ries boiling water moving with a velocity w = 1 m/s, under 
a pressure p = 2.8 MPa. 

Determine the rate of heat flow g, W/m?, and the coeff- 
cient of heat transfer from the wall of the tube to the boil- 
ing water, tu! the temperature of the ‘tubs inside surface 
t.. = 236.9 °C. 

Answer : 


gq=2 X 10° Wim*, a = ap, = 2.9 x 10* W/m?.°C. 
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9-18. Determine the inside surface temperature of a 
tube z,,, carrying boiling water, if the rate of heat flow on 
the surface g = 4.5 x 10° W/m?, the velocity of water 


w = 4 m/s and the pressure p = 1.57 MPa. The tube inside 
diameter d = 12 mm. 


Answer 


At = 10°C; t, = 240.4°C. 


9-19, Determine the heat-transfer ‘coefficient and the 
temperature of the inner surface of a tube having a diameter 
d = 38 mm and carrying boiling water, assuming a rate of 


heat flow g = 2 x 10° W/m'*, water pressure p = 2.8 MPa 
and velocity w = 1 m/s. 
Answer 


a = 29000 W/m?-°C; ¢,, = 237 °C. 


9-20. How shall change the coefficient of heat transfer 
with water boiling in a tube having a diameter d = 20 mm, 
if the rate of heat flow from the heating surface is increased 
from g = 5 X 10é W/m? to g = 4 X 10° W/m’, assuming 


a water flow velocity w = 5 m/s and a pressure p = 2 X 
x 10° Pa? 


Answer 


The heat-transfer coefficient shall not change. In both 
cases @ = 25 600 W/m?-°C, © 


Y.2t. Under: conditions of problem 9-20, determine the 
magnitude of the rate of heat flow at which boiling of the 


liquid shall begin to affect the intensity (rate) of heat trans- 
fer. 


Answer | 
q = 1.15 x 10® W/m’. 


9-22. How shall change the heat-transfer coefficient 
with water boiling in a tube having a diameter d = 38 mm, 
raising the velocity of water flow from w = 0.3 m/s to 
w = 3 m/s, if the rate of heat flow from the heating surface 
q = 2.5 x 10° W/m* and water pressure p = 7.5 MPa? 
17—0215 
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Answer 
The heat-transfer coefficient shall not change. In both 
cases @ = 60 000 W/m!?-°C. 


9-23. Determine the velocity of water flow at which, 
under conditions of problem 9-22, forced flow shall begin to 
tell on the intensity (rate) of heat transfer. 

Answer 

w = 6 m/s. 


Chapter Ten 


RADIATION HEAT TRANSFER 
BETWEEN SOLIDS SEPARATED 
BY A TRANSPARENT 
(DIATHERMANOUS) 
PARTICIPATING MEDIUM 


10-1. Determine the emissive ability of the surface of 
the Sun, if its temperature is known to be 5700 °C, and the 
conditions of emission are close to these of a black body. 
Also, calculate the wavelength at which a maximum spectral 
intensity shall be observed and the total amount of radiant 
energy emitted by the Sun per unit time, if its diameter 
can be assumed equal to 14.391 x 410° m. 

Answer’ | 


E, = 72.2 x 10° W/m*;. Amex = 0.485 wm; 


10-2. The surface of a steel product has a temperature 
t.. = 727 °C and its emissivity is e, = 0.7. The emitting 
surface can be considered to be a grey one. 

Caleulate the density of emitted radiation and the wave- 
length corresponding to the maximum spectral intensity 
of radiation. | 

Answer . 

: : 


E& = 3.97 X 104 W/m; Amex = 2.898 pm. 


40-3. Assuming the conditions of problems 40-4 and 
10-2,' find the maximum spectral intensities of radiation. 
Answer | | 
J oxmax = 9-94 X 104% W/m!: 0 
a = 9.45 x 10° W/m’?. 
10-4. Determine the fraction of black body radiation that 


shall be reflected by the surface of polished aluminium at 
the temperature ¢ = 250 °C, if it is known that at that tem- 
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perature the emissive ability of the surface E= 170 W/mi?. 
The temperature of the black body emitter is equal to the 
surface temperature of the aluminium. 
Answer 
hn e060; 


10-5. The temperature of a surface that can be assumed 
to be grey is equal to 827 “C. At that temperature the maxi- 
mum spectral intensity of radiation 


Jimoax = 1.37 X 10!° W/m. 
Determine the emissivity of the body and the wavelength 
at which the spectral intensity of radiation shall be maximum. 
Ans wer 


e == 0.65; Amax = 2.634 um. 

10-6. An instrument used to measure high temperature— 
an optica: pyrometer is based on comparing the radiosity 
of a body investigated with that of an incandescent filament. 
The instrument is calibrated based on the emission of a 
black body and, therefore, it measures the temperature 
which the black body would have at a radiosity equal to 
that of the investigated body. The pyrometer incorporates 
a red light filter (A == 0.65 pum). 

What is the true temperature of the body,.if the pyrometer 
records the temperature of 1400°C, and the emissivity of 
the body at A = 0.65 um is equal to 0.6? 


Answer 
t = 1467 °C. 
Solution 
The radiosity of the investigated body 
B, 2h — 4s? 
ar m ,ca/AT 4 ° 


where 7 is the absolute temperature of the investigated body. 
The radiosity of a black bady 
= J on _ 1 c,A75 
1 nm ,ca/ATo 4 ° 


where 7, is the absolute temperature of the black body, and 
at B, = By it will be the temperature indicated by the 
pyrometer. 
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Since in’ the case considered c,/AT, = 13.2, then e°s/4To 
is considerably greater than unity. That is why the digit 1 in 
the denominator of the formulae can be ignored compared 
with e#AT, 

It follows from the condition B, = By, that 


r To c? €4 : 
whence 
{ 
r { XV 4 


I's C9 ex 


{ 
= TTR GF OK 
1673 1.439x f0-* “°F OG 


The temperature of the body 
t = 1740 — 273 = 1467°C. 


10-7. An optical pyrometer with a red light filter (see 
problem 10-6) records a temperature t, = 1600 °C. 

Find the emissivity of the investigated body at = 
=060 pm, if it is known that its true temperature 
t = 1700 °C. 
Answer 


oe, = 0.55. 


10-8. The temperature of a body is measured with the 
aid of two optical pyrometers fitted with different light 
filters. The first pyrometer mounts a red light filter (A, = 
=Q.65 ym) and the second—a green one (A. = 0.50 ym). 
The temperature readings of the two pyrometers are res- 
pectively ¢), = 1400 °C and t,, = 1420 °C. 

Find the true temperature of the body and its emissivity, 
assuming the body to be grey. 

Answer 


t = 1492 °C; « = 0.71. 
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Solution 


The formulae derived in solving problem 10-6 permit us 
to write: 


eee 
T 04 T C9 Bx,’ 
a ee ae (1) 
Toe T Ce Erg ° 


For a grey body &, = €:. = &. From the system of equa- 
tions (1) we obtain the following expressions for 7 and e: 


i 
__ Me ; 
ere oe 7 
he Tor Tot 
T 01 —T 02) 
Ing == ee Pot Foe) 9 
ae TorT on (ha — Aa) * ©) 


Substituting the found values into relationship (2) and 
(3), we obtain: 


T = 1765 K; # = 1492 °C; ©« = 0.71. 


10-9. Find the ratio of the relative hemispherical and 
directional emissive abilities for the surface of oxidized 
copper at 130 °C, if it is known that: 

(a) within the limits of the angle 0 < gp < 60° the emis- 
sion of oxidized copper obeys Lambert's cosine law, with 
the emissivity of directional radiation within this interval 
being ¢ = 0.8; 

(b) within the limits of the angle 60° < @ < 90° 67 per 
cent of the radiation coming in these directions from a black 
body which has the same temperature as the surface of oxi- 
dized copper is absorbed. . 

Note. is the angle between an arbitrary direction and 
the normal to the surface. 

Answer 

e/ey_, = 0.96. 

Solution | 

By definition, the relative hemispherical emissive ability | 
(emissivity) 
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For oxidized copper the hemispherical émissive ability 
can be expressed in terms of the intensity of radiation: 


E = \ J, da= { Jig do + ~ | Jy de, 
(2m) (@1) , (2x~ 01) 


where , is the solid angle within which the sia of 
directional radiation is constant. 

Allowing for Jy = Joy and Jog == Bycos (By is the 
radiosity of black body tadiation),. the first integral can be 
presented as follows: 


| Sg dw= e9By|_cos do. 


(@1) (1) 
' According to Kirchhoff's law, the second integral 


J dw — A’ \ Jog dw = A'By \ cos da, 
(2-1) (2-2) (2% — G4) 


where A’ is the absorptivity relating to the entire black 
body radiation that is incident within the solid angle 2n — 


—~ @. 
Since dw = sin gdpdd, then 
. 2S 0/3 
E = &_B, | ao | sin ~cos pdp-+ 
0 0 
on n/2 
+A’B, \ dd \ sin p 008 9 de = &,By > -+ A’By— a. 
0 7/3 
According to Lambert’s law, Hy = Bon. Finally we ob- 
tain: easel 
1 
eyBy = w+ A’ Bow x 
vad 4 4 __ 3 7 4 = 
jocimiaiaaas = amie +A = 


= 0.8 +4 0.67 2 = 0.7675. 


The normal relative emissive ability ez.5 = ey = 0.8. 
The ratio to be determined 


&/ Egan = 0.7675/0.8 = 0.96. 
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10-10. A surface covered with a layer of lamp (jet) black 
emits in the normal direction per unit solid angle the radiant 
energy Joi.) = 1.87 X 108 W/m?-°C. For black body radia- 
tion the absorptivity of lamp black is equal to 0.06. Deter- 
mine the temperature of this surface, assuming that Lam- 
bert’s cosine law is valid for lamp black. 

Answer 


t = 300 °C. 


10-11. Determine the intensity of solar radiation fhat 
is incident upon a plane normal to sun rays and arranged 
outside the Earth’s atmosphere. It is known that solar ra- 
diation is close to that of a black body at a temperature 
t, = 5700 °C. The diameter of the Sun D = 1.391 X 10%km, 
the distance from the Barth to the Sun / = 149.5 « 106 km. 

Answer 

Ein == 1550 W/m. 

‘Solution 

The density of incident solar radiation is determined by 
formula: 


° Ein — Bdw, 


where B = radiosity of solar radiation; 
dw = solid angle at which a unit area “sees” the 
Sun. 
The radiosity of solar radiation 


B= 20 = ColPo/OV 


The solid angle 


T 
Co { : ) nD 
100 5.67 (59.73)4 x 1.3942 
Seg a ee Se 


10-12. An artificial spherical satellite (Sputnik) flies 
round the Earth being launched on its day’s light side. The 
absorptivity of the Sputnik’s surface in respect to incident 
solar-radiation is A, and the emissivity of this surface is e. 
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Determine the temperature of the Sputnik’s surface, 
assuming that there are no inner heat sources inside the Sput- 
nik and that the surface temperature is the same al} over it. 
The solar radiation reflected from the Earth and the radia- 
tion emitted from the Earth should be ignored. 

Answer 


f 7 a a a 
r=288 /4A,K; 1=288 j/ 4—273°C. 


Solution ; . 

Under steady-state conditions the amount of radiant ener- 
gy absorbed by the Sputnik and the amount of energy emit- 
ted by it into space are equal to each other, i.e. 

T \4 
AE, Fy =eCokE (=) ; 
where Fy = projection of the Sputnik’s irradiated surface 
on the plane normal to incident radiation; 
F = surface area of the Sputnik. 
For a sphere 


The density of incident radiation F,, = 1550 W/m? 
(see problem 10-11). Finally, the temperature of the Sputnik 


_ ,/ AEinFu _. i AX 1550 ‘TA 

r= 100 Ae = 100 ere = 288 +. 
10-13. Solve problem 10-12, assuming that the surface 

is made from metal for which A = 0.2 and e = 0.1. 
Answer 


t = 70 °C. 


10-14. Under the conditions of problem 10-12 find the 


surface temperature for the Sputnik, assuming the surface 
to be grev" : 
Answer 


{= 115°C. - 


10-15. Under the conditions of problem 10-42 find the 
ratio of the surface absorptivity of the Sputnik in respect 
to incident radiation to the emissivity at which the surface 
temperature will be equal to 30 °C. | 
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Answer 
Ale = 1.225. 


10-16. A spaceship launched from the Earth runs to Venué, 
The distance from Venus to the Sun is 108.14 x 10° km 
and from the Earth to the Sun, 149.5 x108 km. The temper- 
a of the spaceship surface near-the Earth was equal to. 
iG: 
How shall change the temperature of the spaceship surface 
when it approaches the Venus, assuming that the emissivity 
of the surface does not vary with spaceship temperature? 


Answer | 
t, = (1.18¢, + 48), °C. 
Solution 


The surface temperatures of the spaceship near the Earth 
and Venus are determined from the equations: 


eCoF (44) ' = AE ns vi 


Cok (apr) = AE haf wi 


whence 
(By = Bat (By) 
i Fini bs 
Consequently, 
Ty, ,/ 149.5 
to V oar 31-8; 


t, + 273 = (t, + 273) 4.18; 
t, = (1.18%, + 48), °C. 


10-17. The setting of a boiler furnace is laid from fireclay 
(chamotte) brick and the outside lagging—from plate 
steel. The distance between the lagging and setting brick is 
equal to 30 mm and it may be assumed small, (compared 
with the size of the furnace. 

Under steady-state conditions calculate the loss of heat 
to surroundings by radiation from unit surface area per unit 
time between the lagging and setting. The temperature of 
the outer side of the brick setting ¢, = 127 °C &nd the tem- 
perature of the steel lagging ¢, = 50 °C. The emissivity of 
fireclay e; = 0.8 and of plate steel e, = 0.6. . 
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Answer 
Ba = MU. = 435 W/n?. 

Solution 

The lagging and setting can be considered as two infinite 
flat parallel surfaces separated by a transparent participat- 


ing medium. For a system of this kind net, radiation is cal- 
culated by formula 


E+ = 91,0 = Srealo [ (aos) —(4és) | (10-4) 


where thé reduced emissivity 


Cred = p= 0.522. 
i ek i 
Then, 
Ey, = 0.522 x 5.67 ( (207 =(Fa6~ ) |= 


== 435 W/m?. 


10-18. Calculate the magnitudes of the emitted, outgoing, 
reflected and incident radiation fluxes for the surfaces of 
the firebrick setting and steel lagging, assuming the condi- 
tions of problem 10-17. 

-Answer 


Emi = 1161 Wim?, Eeme=370 W/m’; 
Eouty = 1342 W/m, Eoy;2= 907 W/m?: 
Eyes, = 181 Wim*, Eye72 = 537 W/m?: 
Eins =907 W/m?, = Eing = 1342 W/m’. 


Solution 


The emitted radiation is calculated with the aid of Stefan- 
Boltzmann’s law: 


T \4 
Eom= Col a5) 
For the wall laid from fireclay brick 


Eami = 0.8 x 5.67 (" )'= = 1164 W/m, 
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and for the steel lagging 


Emo = 0.6 X 5.67 (ey — 370 W/m. 


The outgoing radiation, or the radiation leaving the sur- 
face, 


1 
Pout ay % (Lem —(i— A) £,}. 


For a steady-state process E,, = — E,,. From the solu- 
tion of problem 10-17 we know that £,, = 435 W/m?. Then, 
Eemt i 
Foun = es —(~-1) Ey= 
1164 { _ a 
= 39 — (gg —1) 435 = 1340 Wm; 


Eom { _ 
Fouts! = Ba : + (<-—1) Er = 
=v 1) 435 =907 W/m? 
pokey aaa (ss ) a or 
For the system considered 


Finy = Fouts = 907 W/m; 
Fing = ES suij = 1342 W/m’. 
The reflected radiation 
Eyes = (1 — A) Ein. 
Substituting in the above formula corresponding values, 
we get: 
Frey, = (1 — Ax) Zing = (A — 0.8) 907 = 484 W/m*; 
Eres (1 — As) Eine = (1 — 0.6) 1340 = 537 W/m’. 


10-19. How shall change the loss of heat by radiation to 
surroundings, g,.a,, W/m?, and the outgoing radiant flux, 
F outs W/m?, if the brick setting of the furnace and its lag- 
ging, considered in problem 10-17, are separated by a steel 
screen having an emissivity e,. = 0.6? 

Answer 


EY = Vrady = 196 W/m’. 
E outs = 4400 W/m’. 


Ch. Ten. Radiation Heat Transfer Between Solids 269 


Solution 


In the presence of n screens, intended to diminish the 
intensity of thermal radiation, the heat flux 


&. 


cl (i) = Ch) 
Grad = eeeenenes, Ane Se ; W /m?*. (10-2) 
{ 3 : 
ze i ra Te 
i= 


In the presence of one screen (n = ft) 
Ty \* Te, \*! 

col (gar) — (aot) 
mee ur foo} f eit. 


— i 
a tat? ( az} 


Grad aS 


Substituting into the above formula the data based on 
conditions of the problem, and assuming A = e, we obtain 


1 4274-273 \4 50 + 273 
9.87 | 1) y—{ 100 


vatoet? (55~) 


The outgoing radiation can be found from the condition 
Grad) = E,, (as given in the problem), 


Grad > | -- 196 W /m?. 


: + 
Bouts = G—lEem— (1 — At) Ens) = 


1161 | 
=39— (as! 196 = 1400 W/m?. 


10-20. What should be the emissivity of the screen so 
that the loss of heat to surroundings due to radiation would 
not exceed 60 W/m?.in the presence of a protective screen 
between the furnace setting and stecl lagging? All other 


conditions remain as in problem 10-17. 
Answer 


&,, = 0.143. 


10-21. A steel ingot is heated in an electric muffle fur- 
nace the walls of which are at a temperature t, = 1000 °C: 
The emissivity of ingot surfaces e, = 0.8 (average for the 
heating period), and the emissivity of the fireclay-brick wall] 
of the muffle furnace e, = 0.8. The surface of the furnace 
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participating in radiation heat exchange, F,, is considerably 
larger than the surface ofthe heated ingot, F;, i.e. Fy <F,. 
Calculate the magnitude of the radiant flux, depending 
on ingot temperature in the course of heating, and plot the 
radiant flux’as a function of ingot temperature. 
Calculations should be.carried out for the following. tem- 
peratures: 


t, = 20, 100, 300, 500 and 700 °C. 


Answer 
Be Sa em, a oe eS 20 100. 300 200 700 
Grad) KW/im? ..... 448.8 - 448.2 444.2 102.9 78.5 


The curve representing the heat flux as a function of tem- 
perature, g,,q = f (t,), is shown in Fig. 10-4. 


kW/m* 


G 200 900 60 


Fig. 10-1. Solution to problem 10-21 


Solution 

For an enclosure built-up of two bodies, one of which 
(with a surface F,) is enveloped by the other (with a surface 
F,), the heat flux for the first body is determined by 
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formula 


Jt \'t_( Ta }' 
roe fT Wim". (10-3) 


Sy c__EEneS ee 


Fo 


For the case considered, when /',/F, = 0, we obtain: 
| T, \4 T. \4 | 
Grad = @;Cy | (ads) = (+3) | ’ W/m?. (10-4) 


Substituting the values of e,, C,:and 7, into formula 
(10-4), we obtain the expression for the absolute value of 
the density of thermal radiation in the following form: 


graa = 0.8 x 5.67 | (5) — (Ges) J= 
— 4,536 | 26 260 — (Fe ou) |: W/m. 


Other calculation results are given. in the answer -to this 
problem. 


10-22. Under the conditions in problem 10-24 calculate 
the intensity of radiation from the walls of a muffle furnace 
incident upon the surfaces of a steel ingot, if the ratio of 
the surfaces, participating in radiation heat exchange, 


Answer 
Bat. a aa es ee 20 100 ‘300 500 700 
Grads KWim? 2... 1414.2 143.6 409.8 98.9 } 75.5 


10-23. The emissivity of a tungsten wire, determined at 
a temperature of 2000 °C, e = 0.3. 
_ Determine the magnitude of the coefficient of radiation 
heat transfer on the surface of the wire at ¢ = 2000 °G, if 
the surface of the enclosure was at a temperature of 20 °C. 
The surface of the wire is small, compared with that of the 
enclosure. 

Answer 


rad == 230 W/m?-°C. 
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10-24. The surfaces of a double-walled cylindrical vessel, 
used for storing liquid oxygen, are covered with a layer 
of silver. the absorption coefficient of which A, = A, 
= (0.02. The temperature of the outside surface of the inside 
wall t, = — 183 °C and the temperature of the inside sur- 
ace of the outside wall ¢, = 20 °C. The distance between 
the walls is small and surface F, can be considered equal 
to surface F,. 

Calculate the rate of radiation heat transfer through the 


walls into the vessel, if the heat-transfer surface F = 
= ().157 m?. 


Answer 


O.aa = 0.66 W. 


10-25. The surface temperature of the outlet header of 
a high-pressure steam superheater ¢, = 500 °C. 

Calculate the loss of heat by radiation from the length 
of 1 m of the non-insulated header, if its outside diameter 
d = 275 mm, absorption coefficient A » = 0.8, and enclosure 
temperature t, = 30 °C, 

Answer 


Gradi = 13.7 kW/m. 


10-26. Calculate the loss of heat from unit length of 
the header considered in problem 10-25, on condition that 
its surface is enveloped with a steel screen having a diame- 
ter d,. = 325 mm and an absorption coefficient A,, = 0.7. 
Heat is being transferred between the surface of the screen 
and external enclosure both by thermal radiation and free 
convection. The transfer of heat by convecticn and conduc- 
tion from the surface of the header to that of the screen can 
be ignored. 

On the surface of the screen the coefficient of heat trans- 
fer by convection a@ = 29 W/m?-°C. Compare the results 
ebtained with the answer to problem 10-25. 

“Answer 


ga = 8.75 kWims  Gragi/Qeia1 = 1.565. 


af 
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Solution 


The temperature of the screen is found from the energy 
balance equation 


= MdyeArlo| (43-) —( 435) | + Adee (toe — 2). 


The reduced absorption coefficient for the system “header 
screen” 


Ared — — 
1 Fw { 
7 a F.. (=-—-!} 
4 
= TC B2. 


1 
03TH 305 (—,--1) 


Substituting the numerical values of the known quantities 
into the energy balance equation, we obtain: 


0.275 x 0.62 x 5.67| (75) " —(f#)*|= 


= 0.325 x 0.7 «x 5.67 x 


x [ (<2 )"— (Sar) | +-0.325 x 29 (tse — 30), 


whence 
3842.4 — 2.26 (=. as)" + 9.42t... 


It is most convenient to solve equations of this kind graph 
ica!'y Denote 3842.4 — 9.42t,, = Y, and 


2.26 (422 y=". 
Calculate the screen temperatures t,. =100, 200, 300 °C. 


Calculation results are tabulated below: 
18-0245 
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to» °C 
Y 
100 260 300 
Y 1 = 3842.4—9.42¢,. 2905.6 1963 1020 


Y= 2.26 (7,¢/100)4 437 1129 2436 


and represented on the chart in Fig. 10-2. From the graph 
we find that t,, = 240 °C. 


Fig. 10-2. Solution to problem 10-26 


The radiant heat flux from unit length of the header 


tha dnl (5) — (H8)']- 
= 3.14 x 0.275 x 0.62 x 5.67 x 


* [ (zo) — (sa) | =8.75 kW/m. 
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— the loss of heat by rddiation from a-bared header 
and from a header surrounded by a screen: 


grad! 43-7 $4 565. 
_— oo 
gt 8.75 


The screen reduced heat lossed more than 1.5 times. 


wb 10-27. How shall change the loss of heat from length 
of 1.m of the header, due to radiation, if, assuming the con- 
ditions of problem 10-26, the steel screen is replaced with 
a screen made from aluminum foil of the same diameter and 
with an absorption coéfficient A,, = 0.05? All other con- 
ditions are left as in problem 10-26. Compare the results 


obtained with the loss of heat from a paves superheater 
header (problem 10-25). | 
Answer 


Great = 9.975 kWim; Greas/Qpasi AAA. 


10-28. A steam main having an outside diameter d = 
== 200 mm runs in a large room in which the air temperature 
ty = 30 °C. The surface temperature of the steam main t,,, = 
== 400 °C. Determine the loss of heat to surroundings from 
length of 4 m of the steam main both due to thermal radia- 
tion and convection. 

The emissivity of the steam main surface e = 0.8. The 
temperature of oo wails may: be assumed equal to air tem- 
perature, i.e., t,.. = 30 °C. Also, find the losses of heat, 
by radiation and convection, assuming a steam main sur- 
face temperature ¢t,,, = 200 °C. 

Apswer 


At t= 400°C gi@==5600 W/m, gf = 1970 W/n, 
qi [ai = 2.84. 


At ti =200°C gf4=1185 W/m, gf =750 Wim, 
qi “igi = 1.58. 


Solution 
The loss of heat by thermal rddiation 
a m= oCondl (53+) (408) J. 


19 
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With t,, = 400 °C 
gi — 0.8 x 5.67 x 3.14 x 0.2 (6.73'— 3.03%) = 
= 03.6 x 10° W/m. 
With t,, = 200 °C 
gf = 2.85 (4.73 — 3.03%) = 1.185 x 108 W/m. 
To determine the coefficient of heat transfer by convec- 


tion, use formula (7-1) derived for a horizontal tube: 
Nu, = 0.50 (GrPr);/*. 


In the first case 


_ ghyAr a _ 9.84 x 370K 8x10-3 
(GrPr), a vi Pry = 333088 10-10 10710 — 2.62 x 108. 


In the second case 
170 


(GrPr),; = 2.62 x 10 =e = 1.2 « 108. 


The Nusselt numbers and the heat-transfer coefficients 
Nuy == 0.50 (2.62 x 108) /4 = 63.5; 
Nuys = 0.50 (1.2 x 109) /4 = 52.3; 
a, = Nuyy Af = 63.5 =" 8.5 Wrmt.°C; 


a, = 7.0 W/m?.°C. 
The heat iost sby convection: 
with t,,, = 400°C 


Ft = An (by — ty) = 8.5 X 3.14 x 0.2 x 310= 1970 W/m; 
with t,,. = 200 °C 


qi = 7.0 X 3.44 x 0.2 x 170 = 750 W/m. 

10-29. In a room the temperature of air is measurea with 
the aid of a mercury-in-glass thermometer, indicating 27 °C. 
The temperature of the walls in the room is 25 °C. 

Evaluate the reading error for the thermometer, which 
is due to radiation heat exchange between the thermometer 
and walls of the room, and determine the actual air temper- 
ature, assuming a glass emissivity vqual to 0.94, and the 
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coefficient of heat transfer from the air to the surface of 
the thermometer a = 5 W/m?-°C. 

Answer | 

The error amounts to 3 °C; ¢, ="80 °C. 


10-30. The temperatures of two plates, held in an eva- 
cuated space, are equal to 127 and 327 °C. The plates have 
the same emissivity, equal to 0.8. A screen with an emissiv- 
ity of 0.05 is placed between the two plates arranged paral- 
lel to each other. 

Calculate the heat flux passing through unit area ef the 
screen, and also the temperature of the screen. 

Answer 


q = 146 W/m*;  t = 254 °C. 


10-31. Find the number of screens to be placed between 
two flat parallel surfaces, so that the net radiation from 
one surface to the other would be reduced 79 times. 

Assume that the temperatures of the surfaces do not 
change after the screens are placed between the plates.” 

The emissivity of the screens is 0.05 and that of the sur- 
faces—0.8, 

Answer 

3 screens. 


10-32. To diminish the loss of heat to surroundings by 
radiation, a heating furnace was surrounded with a steel 
screen. The dimensions of the furnace are large compared 
with the distance from its external surface to the screen. 

Measurements have shown the temperature of the external 
surface of the furnace brickwork to be 107 °C and that of 
the steel screen—57 °C. 

Find the density of net radiation from the surface of the 
furnace brickwork to the screen, assuming that the emissiv- 
ities of the brickwork and screen are equal respectively 
to 0.85 and 0.75, 

Answer 

Vrad = 342 W/m’. 


10-33. What should be the emissivity of the protective 
screen of a superheater header, to ensure a loss of heat from 
the surface of that superheater header by radiation not ex- 
ceeding 580 W/m* and a screen surface temperature not 


# 
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higher than 70°C? The diameter of the protective screen 
is 325 mm, the coefficient of heat transfer from the external 
surface of the screen by convection @ = 11.6 W/m*-°C, and 
the temperature of surroundings and enclosures ¢, = 30 °C. 
Answer 
@,, = 0.34. 


10-34. In a pilot plant used to determine the emissivity 
of various substances 20 W of electric power is consumed 
to maintain a tungsten wire, having a diameter d = 3 mm 
and length / = 200 mm, at a-constant temperature t, = 
= 800 °C. The surface of the vacuum (evacuated) chamber, 
accommodating the wire, is gredt compared with that of 
the wire. During the tests the.walls of the vacuum ¢hamber 
are kept at a constant temperature ft, = 20 °C, 

Determine the emissivity of the tungsten wire at a tem- 
perature of 800 °C. 

Answer 


ey = 0.132, 
10-35. Calculate the emissivity of the tungsten wire at 
temperatures 1000, 1500 and 2000 °C, if the amounts of power 
consumed to maintain the temperatures indicated were 


equal to respectively 45, 234 and 834 W. All other condi- 
tions are as in —— 10-34. 


OH 


105 1000 1500 2000 °C 


Fig. 10-3. Solution to problem 10-35 
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Plot emissivity as a function of temperature. 
Answer | 
e, = 0.16; ef = 0.22; ef = 0.29. , 
The dependence e, = f (t) is presented in Fig. 10-3. 


10-36. In a channel carrying a hot gas the temperature 
of the gas is measured with the aid of a thermocouple 
(Fig. 10-4). Under steady-state 
conditions the thermocouple jin- 
dicates a temperature t,= 
and the wall temperature t, = 
= 200 °C. 

Calculate the error admitted 
in measuring the gas tempera- 
ture, due to radiation heat 
transfer between the bead of 
the thermocouple and the wall 
of the channel, and also deter- 
‘mine the real temperature of the 
gas. Assume for the thermocouple 
bead an emissivity e, = 0.8, 
and a coefficient of heat transfer 
from the gas to the surface of the 
bead a = 58 W/m?.°C. 

Answer 

The error amounts to 45.5 °C; Fig. 10-4. Solution to prob- 

, ' lem 10-36 


ti; = 345.5 °C. 
Solution , 


Let us compose a. heat balance equation for the thermo- 
couple bead. 


The thermocouple loses heat by radiation 


, T, \4 T, \4 
Q= FreiCo| (aah — sar) ] 
and heat is transferred to it by. convection, in the amount 
Q = Fya (ty — 4). 


Under steady-state conditions 


a (ty—t))=e,Co{ (75) *—(48;)']. 
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Ce 


Substituting into the above equation the known quanti- 


ties, we obtain: 


bf w— ty 58 


_ 0.8 5.67 [ (= 
-_ 400 


\* saa i ") — 455°C. 


The actual temperature of the gas 
t; = 300 + 45.5 = 345.5 °C. 


10-37. What shall be the error admitted in measuring 
the temperature of a moving gas, if the temperature of the 


Fig. 10-5. Solution to problem 
10-38 


inside wall of the gas conduit 
is reduced to t, = 250°C by 
insulating thoroughly the out- 
side surfaces of the conduit? 
All other conditions are as in 
problem .10-36. 

Answer 

The error is equal to 23.5 °C; 
t, = 323.5 °C. 


{0-38. In a gas conduit hav- 
ing a diameter D = 500 mm 
the temperature of a hot gas 
was measured with the aid of 
a resistance thermometer of a 
diameter d, = 5 mm surround- 
ed with a cylindrical screen 
having a diameter d,= 10 mm 
(Fig. 10-5). The resistance ther- 
mometer indicates a tempera- 
ture ¢, = 300°C, the temper- 
ature of the inside surface of 
the gas conduit is ¢,= 200 °C. 
and the emissivity of the 
surface of the thermometer 
and screen e€, = &,, = 0.8. 

Calculate the measurement 
error and the actual tempera- 


ture of the gas, if the coefficient of heat transfer to the sur- 
face of the resistance thermometer and to the surface of the 
screen @ = 08 W/m?-°C. Compare the obtained results with 
the answer to problem 10-36. ; 
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Answer 

ty = 309 °C; the measurement error diminished by about 
5 times and amounts to 9 °C. 

Solution 

Let us compose the heat balance equation: 

(a) for the resistance thermometer 


and, (ts; — ty) = 


(b) for the screen 


Ord, (ty — #4) + Zand, (ty —t,-) = 
=ndye,cCo (45) —(4¢5) |. (b) 


In equation (b) account is taken of the fact that the sur- 
face of the screen is small compared with the surface of the 
gas conduit surrounding it, since d, < D. 

From equations (a) and (b) we find that 


_o [ (ae) ~ (75) ] 


aT ty 
e dy \ Es¢ 
and 
Tec \* ‘ 
20 datsc +O dyty + deel (=) — dz8 eC (+3) . 
t= ' 


2d—a +a d, 


Substituting the known quantities into the above equation, 
we get: 


t) = 377 —0.071 (7=)" 
and 


ty = 44.34 0.0314 (2%)* 4 0.8446. 


The values of t; = f, (f,.) and ty; = f, (t,.), calculated 
for various screen temperatures, are represented in Fig. 10-6 
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and tabulated below: 


tae °C 
at 
260 260 280 300 
ty=e fy (tgc) 327.6 323.6 315.4 305.8 
i; = Ie (tec) 258.0 275.8 295.6 315.4 


From the chart in Fig. (10-6) we find that the actual tem- 
perature of the gas ¢; = 309 °C. 

. The error admitted in measuring the temperature of the 
pas is equal to 309 — 300 = 9 °C. Comparing this result 
with the answer to problem i0-36, 
we see that under the same condi- 
tions, but in the presence of one 
gcreen the gas temperature meas- 


‘urement error diminished 5 times. re rd | 

10-39. Calculate the view (con- , \ Sn Ps | 
figuration) factor and the rate of , \ | 
heat flow by radiation between ., | ae ) 
two parallel strips the distance a ee 
between which h=3m.The'strips -| | +7 * i 
are of an equal width, a, = a, = | ° Pia ™ | 
=2m, and their length is great. / \ , 


compared with the width (Fig. 10-7). 47 
The emissivity of the strips e, = ¢ ; 
=e, = 0.8 and the temperatures ’ “ 
of their surface t, = 500°C and. ° ~% 


t, = 200 °C. Fig. 10-7. Solution to 
Answer - : problem 10-39 
3= Ps, i 0.3; | Orad = 9050 W/m. 
Solution " 


For two parallel strips of equal width the view factors 
71,3 == 9, are determined from equation [4) 


mi=Vt+(2)—4, 8 
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Substituting the numerical values of the quantities, we 


get: 
P1.2= V 1+($)"-$ =0.3, 


The rate of heat flow, reduced to unit length of the strip, 
is determined from equation [4]: 


Oraa = ereaCe| (aes) — (ab) | 4, 
where 
ee 
— 1+ q, 2(=-—1) +a. (—-1) 
= 0.87; 


ae 
1-4+2x0.3 (5-1) 


Af is the surface-surface direct exchange area per 1 m length 
of a strip; 


H, = H, = 0 af, =—().3 x 2 4 | = 0.6 m?/m. 
Then 


Orad ~ 0.81 5.67] ( 20£28.)' - 
I ee ]0.6 - - 9050 W/m. 


10-40. How shall change the view factor, the reduced 
emissivity and the rate of heat flow, if the strips, considered 
in problem 10-39, are arranged with distances between them 
h, = 1.5 m and h, = 6m? 

Plot a graph presenting the quantities @,.. freq and 
Q-aa aS functions of the distance between the strips. 

Answer 


With hy=1.5m q,,,=0.5m, epeg = 0.8, Qrag = 13.9 kW/m. 
with _hg=6m q, 2=0.16, @e¢ = 0.926, Qrag=5.15 kW/m. 


The dependence of corresponding quantities on h is repre- 
sented graphically in Fig. 10-8 
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Fig. 10-8.{Solution to problem 10-40 


10-41. Determine the view factors and the surface-surface 
direct exchange area for the walls of a channel the cross 
section of which is an equilatera] triangle with sides a = 
=b=c=72 m. 

Answer 


~ - - = - 1 
Ps, 2 = Va, 1 = Pa, 3 = Py, 2 = Pi, 5s = Ps, 1 = 


Dy = Ae, y= Ha 3= Ho. =F, 3= sy, i= f m?/m. 


10-42. Determine the view factors and the surface-surface 
direct exchange area for the walls of a channel the cross 
section of which is an isosceles triangle with sides: 


(a) b=c = 2a 
(b) &8=c = 3a. 
In both cases a = 2m. 
Answer 


(a) Dab = Poe = 
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os as 3. 
Pbe = Ped = 7: 


Hap = Ata = H,, —omeiy Hy = He = 3 m?/m. 

, = { 9 
(b) Pad = Poo F ; +3 Po = Pea == | Poe = Peb = 3 

Hap A,» = Hp = H;,=H..=1 m*/m; 
H,. = Ho» 5 m?/m, 

10-43. Calculate the radiant heat flux between. two black 
disks arranged in two parallel planes, opposite each other. 
The temperature of the first disk ¢, = 500°C and of the 

second disk #, = 200°C. The disks are of the same size, 
d, = d, = 200 mm, and they are arranged at a distance 


h = 400 mm from each other. 
Answer 


Ps, 2= Ps, 4 = 0.055; Qpag= 30 W. " 
Solution ° 


- The view factor for the system of: bodies concerned is 
calculated from equation. [24]; 


Bem dte (7) 25 V4 (9). 


Substituting ixnito the above formula the numerical values 
of the quahtities present in it, we obtain: 


1. y=142 (55) 2 5 bet VY 1+ (#0)* ~0. 055. 


Since the disks ard of the same size, then 91.3 =~ 9s.: 
The acini direct exchange area is found to be 


The heat transferred by radiation from the first disk to 


the second 
Ora Co (F5)*—()*] Bae 


=5.67[ (—S4* a )" —(-*) ] 1.73 X 40-3 = 30 W. 
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10-44. How shall change the view factors and the radiant 
heat fluxes between the two disks considered in problem 
10-43, if the distance between them decreased 2 and 4 times? 

Plot a graph presenting the view-factor and heat flux as 


functions of the distance between the disks. 
Answer 


(2) @1,2=0.17;  Qreq =92.6 W; 
(b) D;, 3 = 0.382; Q-ag = 208.0 Ww. 
10-45. Calculate the mean view (configuration) factors 


(1.2 and @,,,:and the net radiation for the case when the 
diameter of the disk which is at a lower temperature is 


increased two times and all other conditions remain as in 
problems 10-43. 


Answer 


1,9 = 0.194; a, = 0.0484; Q,ea1.5 = 105.9 W. 
_ Solution 


For the case considered, when d, < d,, the mean view 
factor is calculated by the following formula (24): 


mw2=alV ( at | +h? ~y (454) 40 Aa yh |, 


Substituting into the above formula the aa values 
of the quantities, we obtain: 


1,2 Snap V | i |" +0.44 — 
~y vt * + 0.4 | = 0.1935. 
2, 1= Pi,a-pe =0. 1935 A= 0. 0484. 


The surface-surface Tireet exchange area 


Hye = VeiF1 = 0.1935 x 0.785 x 0.22 = 0.00608 m? 
The net radiant flux 


Grea .2=C4[ (Eh) ($b)* Bea 


= 5.67 ( (eS \* — (Se )" | 0.00608 = 105.9 W. 
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10-46. Two long strips of equal width form in the crose 
section an angle @ (Fig. 10-9). 


. 


1 
[Fig. 10-9. Solution to problem 10-46 


Find the view factor between the two strips. 
Answer 
& 
ye . 
10-47. Two long strips form in the cross section a straight 
angle (Fig. 10-10). One of the strips is two times wider than 
the other. . 
< Find the view factor between the 
smaller and larger strips. 
Answer 


Pi,2 = 1— sin 


Pi. —= 0.38. 


10-48. Calculate the view factor 
between a round disk with a radius 
S r, and an elementary area dF,, the 
normal to which coincides with the 
normal to the disk drawn from its 
centre. [he distance between the disk 
and the elementary area is equal to h. 
Z Solve the problem with the aid of 
—Z the method of projections ratio (unit- 
sphere method). 
Fig. 10-10. Solution Answer 


to problem 10-47 eee: 
roe 


2a 


10-49. The walls of a boiler furnace are covered with 
one row of waterwall tubes having a diameter d = 100 mm 
and arranged with a pitch s = 120 min (Fig. 10-11). 
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The size of the walls and the length of the waterwal! 
tubes are sufficiently large, and the distance between the 
wall and tubes is immaterial for radiation heat transfer. 


Fig. 10-11. Solution to problem 10-4¥ 


Calculate the mean view factors g,. and Goa and the 


surface-surface direct exchange areas alle this system of 
bodies. ~ 


Answer 


rea ys 


P:.2 = 0.934; . p,., = 0:357; 
Hyg = Ag. = 0.112 m?/m. 


Solution 


For the system of bodies indicated the view factor is 
calculated with the aid of formula 1|4) 


Vs, p= i—p/i1—(Sp — (+) * 4. arctan J/ (4)? —1 


Substituting into the above formula the values of the 
quantities assumed in the problem, we obtain: 


Gat 1 — (ey? + arctan j/ (2) 1 = 
= 0.934. 


The view factor Ps. is found from the reciprocity property: 


Pe. Py ae rs G1. of, 
whence 


a Te ~ = 0. 934 1. a — (}. 357. 


19—0215 
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The surface-surface direct exchange areas 

Ay, = Ae =.%1,eF, = 0.984 x 0.12 = 0.412 m?/m. 
10-50. How. shall change the mean view (configuration) 
factors and the surface-surface direct exchange areas, if 
the distance between. the axes*of the waterwall tubes, con- 
sidered in problem 10-49, is ifttréased 2 and 3 times, leav- 

ing al] other conditions of the problem unchanged? 
Plot a graph presenting the mean view factors dnd the 
surface-surface direct exchange areas as functions of the 
distance between the waterwall tubes, making use, in doing 


so, of the calculation results for problem 10-49. 
Answer 


(2) Pi, = 0.566; Pas = 0.432; Hy. =H, a 
0.1358 m?/m; 
(5) P18 = 0.401; G1 = 0.460; - A; =-H,,= | 

' =- 0.4445 m2/m. 


10-51. The walls of a boiler fyrnace are covered with 
two rows of waterwall tubes having an outside diameter 


DOOHOOH 
COCSOS 


GVA TT TRI POTT) VO MSLhhe 
. E 


f 


Fig. 10-12. Solution to problem 10-54 


t | 


d = 80 mm. The waterwall tubes are arranged in the two 
rows with an equal pitch (in the plane parallel to the wall) 
s = 400 mm (Fig. 10-12). 
Calculate the mean view factor between the surface of 
the furnace wall and the waterwall tubes. 
' Anpswer 


P12 = 0 502. 
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Solution 
The view factor between the wall and one row of water- 
wall tubes is calculated by formula [24] 


a =t— V1—(4) y+ eee Ang af es 
~1-Yi-(2) (zy) )* + 2 aretan y/ (40)*_ 1 MO \*_ 4 = 0.294. 


For a multirow bank of tubes 
M12 =1— (1 — qs)” = 1 — (1 — 0.294)? = 0.502, 


where n is the number of rows in the bank and in our case 
n=2 


10-52. Calculate the view factors between a flat surface 
and a bank of tubes, if the number of the rows of tubes, in 
the direction normal to the surface-of the wall, n = 3, 4, 5 
and 6, and all other conditions are as in problem 10-51.- 

Plot a graph presenting the view factor 1.9 aS a func- 
tion of the number of rows n, making use of the calculation 
results in problem 10-51. 

Answer _ 

r= 3, 91.3 = 0.6485; 

= 4, 913 = 0.752. 
n= 5, 4,3 = 0.825: 
n=6, @i.2 = 0.8754, 


Chapter Eleven 


RADIATION HEAT TRANSFER 
IN AN ABSORBING MEDIUM 


11-1. Determine the attenuation coefficient for a ray 
passing through a layer of carbon dioxide 30 mm thick, 
if it is known that after passing through that layer the 
spectral intensity of this ray diminished by 90 per cent. 

Answer 

% = 76.7 1/m. 

Solution 

In an absorbing medium the ray attenuation factor x5 
can be found from the Bouguer’s law: 


Fan c=Jn, mene ™*, (14-1) 
whence | 
A, ome 
The conditions of the sitet give 
72 0,4. 
4, xed 


Substituting the numerical values of the quantities 
given in the — into equation (11-2), we obtain: 


2.3 log 0.4 =: 76.6 1/m. 


m= — San 


11-2. The absorptivity of a layer of gas of thickness |, 
at a partial pressure p, is Ay. 

Determine the absorptivity of the gas after a simultaneous 
change of the thickness of the layer and of the partial pres- 
sure respectively to J, and p,. Bouguer’s law is assumed 
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to be valid for the given gas, and the gas temperature 1s 
the same in both cases. 


Answer 
Pua 
Ay = 1—~— (1 —Agy) P84. 
Solution 


In accordance with Bouguer’s law, the absorptivity of 
gases at a constant temperature is a function of the quan- 
tity pl: 

Ay = 1 — eth, 


Let us write down the above equality as applied to the 
conditions of the problem considered: 


Ays = 4 — @—h(Pals), 
Eliminating k from the equations, we obtain: 
Ang = 1 — (1 — Apy)Ps!s/rits, 


11-3. A tube 200 mm in diameter and 4 m long has closed 
ends, and contains a mixture of dry air and carbon dioxide. 
The total pressure and temperature of the mixture are equal 
respectively to 98.1 kPa and 800°C. The partial pressure 
of the carbon dioxide gas is equal to 9 kPa. 

Find the emissivity of the mixture of gases in the tube. 

Answer 


e = 0.06. 


11-4. In a heating furnace the temperature of hot gases 
is constant over the entire volume and is equal to 1200°C. 
Furnace volume V = 12 m® and the total surface of the 
enclosure F = 28 mi’. 

The total pressure of the products of combustion p = 
= 98.1 kPa, the partial pressure of water vapour pH = 
= 8 kPa, and of carbon dioxide poo, = 12 kPa. 

Calculate the emissivity of the emitting gaseous mixture 
= the radiation flux emitted by the combustion products. 

nswer 


ty = 0.215; Egm.g = 57 400 W/m. 
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Sofution 


furnace 


layer the mean path of a ray in the 


is calculated from formula [28]: 


For the gas 


the partial pressure of carbon dioxide 


The product of 


iy 
Wi 


S, 


S 
SS 
S 


&% 
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Fig. 11-1. Emissivity of carbon dioxide tpg, = fi(t, “) [29] 
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Fig. 11-2. Emissivity of water vapour (steam) eyo, = fe (#, pl) [29] 
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and water vapour by the path of a ray are 
Poos! = 1.2 x 104) 1.54=1.85 x 104m x Pa=18.9cm-atm; 
PH,0! =(0.8 x 108 x 1.54=1.23 x 10‘m x Pa=12.5 cM -atme 
The emissivity of CO, and H,O at a gas temperature 
t, = 1200°C are found from the graphs in Figs. 141-1 and 
11-2 [29]: 
Sco, = 0.44; 
€H,0 = 0.10. 
The emissivity of the. mixture of gases 
= @c0, + Pen,o.- 


From the ans in Fig. 11-3 we find the correction B = 
= 1.05, then e, = 0.11 + 1.05 x 0.19. = 0.215. 


we 
0 <r G2 Q@3 0+ OF G6 @7 08 a9 10 


Fig. 11-3. Correotion factor B for partial pressure for water vapour 
(steam) 


The radiation emitted by the products of combustion 


Bem. ¢ = €eCo (qe) ~=0.215 x 5.67 (443)* 57 400 Wrm*. 


11-5. Calculate the emissivity of and the radiation emit- 
ted from the mixture of gases, if the mean temperature of 
the gases dropped to 1000°C, and all other conditions remain 
as in problem 11-4. 

Answer 


Wg = 0.256: Eom. g = 38 200 W/m’. 
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11-6. Calculate the emissivity of and the radiation emit- 
ted from the mixture of gases, if the partial pressure of 
carbon dioxide pco, = 1 x 10° Pa and of water vapour 
Pu = 1 X< 10° Pa, and all other conditions remain as in 
problem 11-4, 

Answer 


&ég = 0.220; Eom. g = 58 700 W/m’. 


41-7. Determine the coefficient of heat transfer by radia- 
tion from a stream of gas to the surface of tubes of the 


Fig. 11-4.gSolution to problem 11-7 


superheater of a steam boiler, if the gas temperature at the 
superheater inlet fg, = 1100°C and the superheater outlet 
gas temperature ty, = 800°C. Assume the mean temperature 
of the heat-transfer surface to be constant and equal ta 
ty, = 500°C, and the emissivity of the surface e,, = 0.8. 
The tubes of the superheater are in a staggered arrangement 
(Fig. 11-4) with left-to-right pitches s, = 2d and front-to- 
_ back pitches s, = 2d; the outside diameter of the tubes 
d = 38 mm. The gas contains 10% CO, and 4% H,O. 
The total gas pressure p = 98.1 kPa. : 


~ 
Sy 
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Answer 
Qrad = 14.5 W/m! .°C. 
Solution 


The mean path of a ray in the intertubular space is de- 
termined from formula [28]: 


1 = 1.08d (“92 — 0.785 } = 1.08 x 0.038 (2 x 2 —0.785) = 
= 0.132 m. 


The products of the partial pressure of carbon dioxide 
and water vapour by the mean path of a ray are: 


Pco,t = 0.1 XK 9.84 x 108 x 0.132 = 0.129 x 10‘m- Pa = 
= 1.32 cm-atm; 
PH. = 0.04 x 9.81 x 10* x 0.132 = 0.0518 x 10'm-Pa 
= 0.528 cm-atm. 
The mean temperature of the gases | 


te = (ter + tea) = = (1100+ 800) = 950 °C. 


Using this mean gas temperature, we find from the graphs 
in Figs. 11-1 and 11-2 the emissivities of CO, and H,O; 
Eco, = 0.05; 
€H30 => 0.0105. 
From the graph in Fig. 11-3 we find the correction B and 


calculate the emissivity of the gases at the mean tempera 
ture 


eg = eco, + PeH,0 = 0.05 + 1.05 x 0.0105 = 0.061. 


At the temperature of the tube surfaces the absorptivit) 
of the gases 


Ig 0.65 
Ag=tco.(FE) + Beno 


= 0.056 ( Sy 4.4.05 x 0.024 = 0.0975, 


where é@co, and e&y,0 are taken from the same graphs 
(Figs. 11-1 and 11-2) at the wall temperature. 
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The rate of heat transfer hy radiation to th. surface 
of the tubes 


Grad = 5 (Cw +1) Co| eg (a) my ix) |. (44-3) 


In the case considered | 
raa = 5 (0.84 1) 5.67 [ 0.064 ( 4278 \*_ 
— 0.0975 (ay |= = 5480 W/m?. 


The coefficient of heat transfer by radiation 


11-8. Solve oroblem {1-7 on condition that the longi- 
tudinal pitch between the tubes and the cross pitch s, are 
increased two times, i.e. s, = s, = 4d, and all other initial 
data remained unchanged. 

Answer 


og = 25.4 Wim?-°C. 


11-9. Solve problem 11-7 on condition that, dua to a 
change in furnace operating conditions, the partial pressure 
of the water vapour increased 3 times, and all other initial 
data remained unchanged. 

Answer 


Cred = 15.6 W/m?-°C. 


11-10. A tube bank, built up of a large number of long 
tubes having an outside diameter d = 60 mm, is exposed to 
cross flow of combustion products containing 12% carbon 
dioxide and 7% water vapour. The temperature of the 
combustion products is 1200°C and their total pressure is 
equal to 98.1 kPa. 

The tubes of the bank are in a staggered arrangement with 
equal longitudinal and cross pitches, equal to s, = s, = 2d. 

Determine the radiation emitted from the products of 
combustion per 1 m? of the tubes. 

Answer 


Gem.g = 2.03 x 10* W/m’. 
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11-11. Calculate the fraction of heat transferred by 
radiation in the common process of heat transfer from flue 
gases to the tubes of the boiler bank of tubes considered in 
problem 6-13, on condition that the longitudinal and cross 
pitches between the tubes s, = s, = 3d (dj, = 80 mm), 
the mean temperature of gases in the bank t, = 1000°C, 
the temperature of tube surfaces ¢,, = 400°C, and their 
emissivity e, — 0.8. The flue gases contain 114% H,O 
and 13% CO,. The gas pressure p = 98.1 kPa. The local 
coefficient of heat transfer by convection @, is taken from 
the answer to problem 6-13 (the change in a, due to the 
other value of s,/s, is to be ignored). 

Answer 


head — 0.385a5. 


11-12. Calculate the density of radiation from flue gases 
to the surface of a cylindrical gas flue having a diameter 
d = 500 mm. The gases contain 10% carbon dioxide and 
5% water vapour. The total pressure of the gases is 98.1 kPa. 
The temperature of the gases at the flue inlet tz, = 800°C 
and at the outlet tz, = 600°C; the mean temperature of the 
flue surface t,, = 400°C, and the emissivity of the surface 


€, = 0.85. 
Answer 
Grad = 4630 W/m?. 
Solution 
The mean path of a ray 
nd? 
4—L 
4V 4 


In distinction to problem 11-7, in practical calculations, 
the emissivity of gases is determined on the basis of the 
geometrical mean temperature. This method is applied in 
the event of great temperature variation in the flue. 

The geometrica! mean temperature in the gas flue 


= WV (T a1)? (Te2)* = y’ (800 + 273)*(600 + 273)* = 967. K; 
ty = T, — 273 = 694°C. 
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The products of the partial pressure of carbon dioxide CO, 
and water vapour H,O by the mean path of a ray are equal to: 


Pcost = 0.1 x 9.81 x 10* x 0.45 = 

= 0.442 x 108 m-Pa = 4.5 cm-atm; 
PH,ot = 0.05 x 9.84 x 10* x 0.45 = 

== 0.221 x 10 m-Pa = 2.25 cm-atm. 


At the mean gas temperature t, = 694°C, from Figs. 11-4 
through 11-3 we find that 


€co: = 0.09; exo = 0.05 and 6 = 1.06. 
At this mean temperature of the gases their emissivity 
&g = &cos + Perso = 0.09 + 1.06 x 0.05 = 0.143. 


At the wall temperature t,, = 400°C from the same graphs 
we find that 


Eco, = 0.08 and ex,0 = 0.07. 
At that wall — the absorptivity of the gases 


967 \ 0.65 
Ap=e00,(FE). "+ Benyo = 0.08 (28% + 
+ 1.06 x 0.07 = 0.175. 


The rate of radiant heat flow to the wall of the flue from 
the gases 


tat Oot 1G [ ee ( mt A(z) |= 
= * (0.85 + 1) 5.67 (0.143 x 9.76 —0.175 x 6.734) = 
= 4630 W/m. 
11-13. Solve problem 141-12 on condition that the flue 
has a rectangular cross section with sides: a = 0.5 m and 


b = 1m. All other initial data remain unchanged. 
Answer 


Grad = 5420 W/m. 


11-14. Solve problem 11-12 on condition that the partial 
pressure of water vapour increased 2 times, all other initial 
data remaining unchanged. 

Answer | 


“_— 


Cha pter Twelve 


CALCULATION 
OF HEAT EXCHANGERS 


42-1. Grade MC oil flows into an oil cooler at a tem- 
perature tj, = 70°C and cools there to a temperature tj, = 
== 30°C. The inlet temperature of the cooling water ¢;, = 

"G 


=e 
= 


Determine the temperature of the cooling water at the 
outlet of the oil cooler, if the rates of oil and water. flow 
are respectively G,=1 x 10° kg/h and G, = 2.04 x 
x 10* kg/h. The loss of heat to surroundings is to be ignored. 


Answer 
ty, = 30°C. 


12-2. To what temperature shall heat water in the oil 
cooler, if the rates of oil and water flow are the same, G, = 
= G,, and the temperature tj;, tj; and tyg are the same as 
in problem 12-1? 

Answer 

t7a = 40.4°C, 


12-3. Determine the logarithmic mean temperature differ- 
ences between the primary (hot) and secondary (cold) fluids 
under conditions 12-4 and 12-2, if the two fluids are in 
counterflow (Fig. 12-1 and Fig. 12-2). 

Answer 


Atieg = 247°C and trez = 18.1°C. 


12-4. In an air heater air is heated from a temperature 
ty, = 20°C to tie = 210°C, and the hot gas cools from a 
temperature t7, = 410°C to t, = 250°C. 

Determine the logarithmic mean temperature difference 
between the air and gas with the two fluids in parallel flow 
and in counterflow (Fig. 12-1). . 

Answer 


Atyer = 154°C; Ateenns = 215°C. 
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12-5. Under the conditions of problem 12-4 determine 
the logarithmic mean temperature difference, if the air and 
gas are in cross flow and each stream is propérly mixed. 


Compare the result with the answer to problem 12-4. 
Answer | 


Ats.; = 184°C; At count > At..y > tpar- 
Hint. With the primary (hot) and secondary (cold) fluids 
in cross flow the logarithmic mean temperature difference 
At..; = At eount&e.f (12-1) 
where Af.oun: = logarithmic mean temperature difference 
with the primary and secondary fluids in 
counterflow; 
€.., == correction factor determined from _ the 
chart in Fig. A-3, depending on P and &: 
pin fate . 
Bt tte 
Sts Fa — tye | 
12-6. In a tubular steam-to-water heat exchanger dry 
saturated water vapour, steam, condenses at a pressure 
ie) 
Oto ty = 1989 


120 
100 


Fig. 12-2. Solution to problem 12-6 
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p = 3.5 x 410° Pa on the external surface of tubes. The water 
moves in the tubes and heats from #;, = 20°C to t7, = 90°C. 
% Determine the logarithmic mean temperature difference 
for this heat exchanger (Fig. 12-2). 
Answer 
Atrog — 78.9°C, 


12-7. Determine the rate of steam flow through the 
steam-to-water heat exchanger, considered in problem 12-6, 
if the rate of water flow G, = 8 t/h. Assume that there is 
no supercooling of condensate. 


Answer 
G, = 1090 kg/h. 


12-8. Under conditions of problems 12-6 and 12-7 how 
s! il change the logarithmic mean temperature difference, 
if the steam pressure is raised to p = 7 X 10° Pa? 

Answer 


p = 3.5 x 108 Pa; Atiog = 78.9°C; Ga = 1090 kg/h; 
p=7 X 108. Pa; Atiog = 106°C; G, = 1130 kg/h. 


{2-9. Determine the heating surface of an economizer 
in which the primary (hot) fluid {gas) and the secondary 
fluid (water) are in counterflow, if the following quantities 
are known: the inlet gas temperature ty, = 420°C; the 
rate of gas flow through the economizer G, = 220 t/h; 
the heat capacity of the gases Cp = 1.045 kJ/kg-°C; the 
water inlet temperature ty, = 105°C; the rate of water flow 
G, = 120 t/h; the amount of heat transferred from the hot 
gases to the. water Q = 13.5 MW; the coefficient of heat 
transfer from the gases to the water k = 79 W/m?-°C. 


Answer 
F = 1100 mi’. 


12-10. Determine the heating surface of the economizer 
considered in problem 412-9, if the primary and secondary 
fluids are in parallel flow in it. Compare the result obtained 
with the answer to problem 12-9. 

Apswer 

F = 19380 m*; Feoynt/F par = 0.97. 


12-11. In a water-to-water heat exchanger of a counter- 
flow arrangement having a heating surface F = 2 m?® the 


20—0215 
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inlet temperature of the heating water ¢7, = 85°C and the 
rate of water flow G, = 2000 kg/h. The rate of heated water 
flow G, = 1500 kg/h and its inlet temperature tg =|25°C. 

Determine the amount of heat transferred from the hot to 
the cold water and their final temperatures, if it is known 
that the coefficient of heat transfer from the hot to the cold 
water k = 1400 W/m?.-°C. 

Answer 


Q = 69.8 kW; t= 55°C; ty. = 69°C, 
{2-12. Determine the heating surface and the number of 


sections of a water-to-water heat exchanger of the “tube-in- 
tube” type (Fig. 12-3). The heating (hot) water flows in 


A tre 


Fig. 12-3. Solution‘to problem¥i2-12 


the internal steel tube;[(A,, = 45 W/m-°C)] with diameters 
d,/d, = 35/32 mm and its inlet temperature t;, = 95°C. 
The rate of hot water flow G, = 2130 kg/h. 

The cold water is in counterflow in respect to the hot 
water and it moves in the annulus formed between the two 
tubes; the cold water heats in the heat exchanger from 
ty, = 15°C to tH. = 45°C. The inside diameter of the external 
tube D = 48 mm. The rate of cold water flowG, = 3200 kg/h. 
The length of a section of the heat exchanger 1 = 1.9 m. 
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The loss of heat from the external surface of the heat 
exchanger can be ignored. 
Answer 
F =1.33 m* n= 7, 
Solution 
The heat capacity of water c, ~ 4.19 kJ/kg -°C. 
The, amount of heat transferred in the heat exchanger 


Q = Greys (tha — tye) = Soar 4.19 (45 —15) = 444 kW. 


The outlet temperature of the heating water 


a Q 1113600 eno 
n= tn — Ge = 9 — Fi x4.49 OO ©. 


Find the arithmetic mean temperatures of the hot and 
cold fluids and the physical properties of water at these 
temperatures: 


ty, = 0.5 (thy + 1) = 0.5 (95 4+ 50) = 72.5°C; 
at that temperature 
07, = 976 kg/m; v,;, = 0.403 x 10-* m?/s; 
hey = 0.670 W/m-°C; Pry, = 2.47; 
ty, = 0.5 (tye + tHe) = 0.5 (15 + 45) = 30°C; 
at that temperature 
Py. = 996 kp/m*; vy, = 0.805 xX 10-* m/s; 
Aya = 0.6148 W/m-°C; Pr,, = 5.42. 
The velocities of the hot and cold fluids 


as ae pyimd?3600 «976 X 3.14 (3.2 x 10-2)? 3600 = 0.795 m/s; 
-— 4G _ 4 x 3200 _ 
2 “pyar (D2— 3) 3600 ~ 996 x 3.44 (4.82 —3 52) 10-4 x 3600 


The Reynolds number for the hot fluid 


4 
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fhe hot water is in turbulent flow so that the Nusselt 
number and the heat-transfer coefficient are calculated by 
formula (5-7). 

The Nusselt number 


Nuy, = 0.021Re7i*Pryi*? ( 


Priv 


Since the wall temperature is not known, then for a first 
approximation we assume a wall temperature 


toy 0.5 (ty, + tye) = 0.5 (72.5 + 30) = 54.2°C. 


At that temperature the Prandtl number Pr,,, = 3.5; 
then 


Nuyy= 0.024 (6 x 1088 (2.47)? (SA) O — 188, 


The coefficient of heat transfer from the hot water to the 
wall of a tube 


ch 0.670 
a = Nuys Go = 188 SSO 


The Reynolds ve for the cold (heated) water 


ia ae lee ST aE IES — = 17 x 104, 


= 3940 W/m?.°C, 


where the equivalent diameter for the annular channel 
d= D — d, = 48 — 30 = 13 mm. 


The cold (heated) water is in turbulent flow so that the 
Nusselt number andthe heat-transfer coefficient are calcula- 
ted by formula (5-12) derived for heat transfer in fluids in 
turbulent flow in annular channels: 


N. jo = 0.01 7Rey3°Prys. i -" ( ~;- aa 7 


Prwe dg 


Assumi'ig as a first approximation that f,. ft», and, 
consequently, that Pr,,. © Pry», ~ 3.5, we obtain: 


Nuj, = 0.017 (4.74 x 1088 (5.42)°4 (S20 (Ee ). a 


=== y 
Coal 
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The coefficient of heat transfer from the tube to the cold 
water 


\ $e - 0.648 | ay, 
Oy = Nuj, G~ = 95 3x0 = 4500 W/m?-°C. 


The overall heat-transfer coefficient 


ty Th Oe 
4 
= TExtos T= 1970 Wim?-°C 
3940) + 49 4500 
. . tri —fo 50 
Since in the case considered Tair = 435 < 1.5, then 
ft "f2 


calculations can be based with sufficient accuracy on the 
arithmetic mean temperature difference 


At, —- tty — tro = 12.5 —— 30 — 425°C. 
The rate of heat flow from the hot to the cold water 
q = kAt, = 1970 X 42.5 = 8.37 x 10* W/m’. 


The heating surface 


ft 


The number of sections 


PR 4.33 
Rd, ~~ oa KD.2K 102 X19 


x 7. 


rn 


The surface temperatures of a tube 


83 700 


tw = yy = 72.5 — aB]0 7 = 01.3 °C; 
tue = by —L = 30-4 = 48.6, 


At these temperatures Pr,,; = 3.47 and Pr,,, = 3.65 
and the corrections, allowing for a change in the physical 
properties of the fluid over the cross section of flow are as 
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follows: 
Pry \9-25 7 2.47 0.25 

(Fo =(45> 347 ar} = 0.915 (assumed equal to 0.92);: 
Prjg \9-25 7 542 \0.25 

( Pron = ( 3.65 = 1,10 (assumed equal to 1.12). 


The coincidence is sufficiently accurate; it may be assumed 
that?’ = 1.33°m? and the number of sections n = 7. 


12-13. In a sectional heat exchanger of the “tube-in-tube” 
type transformer oil is cooled with water. 

The transformer oil flows along an inner brass tube of 
diameters d,/d, = 14/12 mm with a velocity w, = 4 m/s. 
The transformer oil inlet temperature t;, = 100°C. The 
cooling water is in counterflow along the annulus with 
a velocity w, = 2.5 m/s, and its temperature at the heat- 
exchanger inlet fj. = 20°C. The inside diameter of the outer 

tube, or shell, of the heat exchanger 
try ds = 22 mm. 

Determine the total length of 
the heat-transfer surface with which 
oil outlet temperature shall fbe 
ty, —— 60° C. 

The loss of heat through the ex- 
ternal surface of the heat exchanger 
can be ignored. 

Answer 


1 = 11.6 m. 


12-14. In a tubular two-pass air 
heater of a steam boiler (Fig. 12-4) 
air in the amount G, = 21.5 ke/s 
must be heated from an inlet tem- 
perature ty. = 30°C to an outlet 
Fig. 12-4. Solution to temperature tj. = 260°C. 

problem 12-44 Determine the required heat- 

ing surface, the height of tubes 

in one pass, l,, and the number of tubes arranged across 
and along the flow of air. 

The flue gas (13% CO,., 11% H,O), in the amount of 
G, = 19.6 kg/s, moves in the steel tubes (A, = 46.5 W/m-°C) 
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having diameters d,/d,==53/50mm with a mean velocity wu, = 
= 14 m/s. At the air heater inlet flue gas temperature 
ty, = 380°C. 

Air flows across the bank of tubes with a mean velocity 
in the narrow cross section of the bank w, = 8 mss. The 
tubes are in a staggered arrangement in the bank with 
pitches s,; = s, = d,. 

Answer 

The heating surface F = 1830 m?; the height of tubes in 
one pass l, = 5.3 m; the number of tubes arranged across 
the flow n, = 38, and along the flow—n, = 29 

Solution 

The arithmetic mean temperature of air 


ty, = 0.5 (tie + the) = 0.5 (30 + 260) = 145°C. 


At that temperature the physical properties of air are 
as follows: py, = 0.844 kg/m?, cp, = 1.01 kJ/kg °C, Nig = 
= ae AQ-? W/m -°C, Via —_— 28.3 x 40-* m Ss; Pryo — 
= 0.684. | 


The amount of heat transferred from the flue gas to the air 
Q = Gyepsy (72 — tye) = 24.5 x 1.04 (260 — 30) = SOOOKW. 

‘Determine the temperature of the flue gas at the air 
heater outlet. 


As a first approximation the mean temperature of the flue 
gas in the air heater is assumed to be t,, = 300°C, and at 
— temperature cp, w 1.12 ki/kg-°C 
an 


fi = th — go = 152°C, 


5000 
1° pf = 380 — Tee 
then 
ty, = 0.5 (t7; + 1) = 0.5 (880 + 152) = 266°C. 
At that temperature cpy,, = 1.11 kJ/kg-°C and as a re- 
sult of a second approximation we find that 


ti= 150°C and t,, = 265°C. 
At a temperature ¢t;, = 265°C the physical properties of flue 
gas of the given composition areYas follows: 
07, = 0.622 kg/m; cpp, = 1.11 kJ/kg -°C; 
Aty = 0.0454 W/m-°C; vy, = 44.2 x 10-6 m/s; Pr, = 0.66. 
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The Reynolds number for the flue gas 
140.05 


I ok 2 i 
Rey = o-= axdoe — 17000. 


The Nusselt number and the coefficient of heat cecaiie 
from the flue gas to the walls of tubes are calculated by 
formula (5-7): 


Nu,, = 0.021 Re$,° Prf? = 0.021 (4.7x10*)°'* 0.66)" = 
= 43.5; 


A 
a, = Nuyy—z~ = 43.5 0.0494 _ 39.5 W/m?-°C, 


0.05 
The Reynolds number for air 


_ wedg 8X 0.053 
Rey = V7g  28.3X10°8 = 15 000. 


For cross flow the Nusselt number and the coefficient of 
heat transfer from the walls of tubes to the air are calculated 
by means of formula (6-4): 


Nuy. = 0.41Red;°Pr3*%, = 
= 0.44 (1.5 x 104*)** (0.684)%33 = 115, 


igs for tubes in a staggered arrangement, and s,/s,< 


<2 e, = (s,/s,)'® and since s,; = s, then e, = 1; 
Aja 0.0352 ai 
dy = Nuyy = Ifo 0.053 — 76.2 W/m . Cc. 
The overall heat-transfer coefficient 
= 1 = 1 = 
4 Sw 1 1.5 10-3  - 
-—) ha me 7 39.5 +465 + 753 
= 26 W/m?-°C. 
Since 


teg—tte 380 — 150 


te —t po _ 260 — 30 =4, 


then the mean temperature difference (or temperature drop) 
At rog. count ™~ At, — Ley = bro == 265 — 145 = 120°C. 
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For the flue gas and air flows considered from the graph 
(Fig. A-4 in the appendix) we find: 


at 
fo —t 260 — 30 
gO a) 658 
and 
t'., ~—f4 380 — 150 
Ro 0: 
e= ().88: 
consequently, 


At = eAteouny = 0.88 X 120 = 105.5°C, 


The heating surface of the air heater 


Q@ — 5x06 | i 
B = ap = 9650 105,5 = 1830 m?. 


The total number of tubes 


EE 
ce tg wr =P Lee 


Oydtw, 0.622 %3.14(5 x 10-2)2 14 
The height of tubes in one pass 


as Ondyn  2xX3.14X0.05 X 1080. 5.4 m. 


The clear passage for air flow 


The number of tubes arranged across the flow 


nee er 
ly(sy—dg) 55.4 (4.3 X 0.053 —0.053) ~ ~~" 


The number of tubes exposed to longitudinal flow 
n 1080 


oD 


Ny = = ag & 29. 


7 


12-15. Calculate and determine the main dimensions of 
a vertical four-pass tubular steam-to-water heat exchanger 
designed to heat water in the amount of G, = 30 t/h from 
an — or tix = 20°C to an outlet temperature 
tf, = . 
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The heated water flows i in brass tubes (A = 104.5 W/m.-°C) 
having diameters d,/d, = 14/12 mm. with a velocity o = 
= 1.5 m/s. The hot fraid i is dry saturated steam at a pressure 
p = 127.5 kPa, condensing on the outer surface of the water- 
carrying tubes. 


y Condensate 


Fig. 12-5. Solution to problem 412-15 
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The loss of heat to surroundings is to be assumed equal 
to 2 per cent of the amount of heat added. The schematic 
layout of the heat exchanger is shown in Fig. 12-0. 

Answer 

The rate of steam flow G, = 4310 kg/h; the heating sur- 
face F = 20 m*; the number of tubes n = 200; the height 
of tubes H = 2.5 m. . 

Solution 

The amount of heat transferred from steam to water 


Q = Greys (G1 — tha) = Aa 4.187 (95 — 20) == 2620 kW. 


Find the rate of heat low G,. At the pressure p = 127.5 kPa 
t, = 106.6 °C, i = 2685 kJ/kg, i’ = 447 kItke and 


Q 2620 x 108 _ 
G2 = Ter 1T ~ 0.06 esas — Ty — 1# Kals. 


To calculate thegeoefficient of heat transfer ’to the outer 
surface of the tube Gue to steam condensation, we must know 
the temperature of the tube outer surface t,,, and the height of 
tube H. Since these uantities are not known, calculations 
should be carried du}-by the method of successive approxima- 
tions. Determine the logarithmic mean temperature differ- 
ence 


* yee! = 
Atigg = Peat = __S—* 31 4°C. 
In = 2.3 log ag G05” 
: t,° Mt, 106 .6—95 
for a first approxfination assume 
te | 
tos © tt — —yt = 108.6 — 34 as 88°C. 


83 


In addition, assume a height éf tubes H = 2 m. 
The reduced length of a ° tube 


Z = AtHA. 


At asaturation temperature t, = 106.6 °G, from Table 8-4, 
we find A = 57.6 1/m-°C and B = 6.74 x 10-3 m/W. Then. 


= (t, — t.3) HA = (106.6 — 88)°2 x 57.6 = 2140 < 2300, 
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The condensate is in laminar flow along the entire tube 
and calculation formula (8-5) is applicable: 


Re = 3.8Z°-78 = 3.8 (2140)*-78 = 1520; 


ge a ee P 2.0 
2 AigHB  18.6X2X6.71% 10-3 6080 W/m?.°C. 


Determine the coefficient of heat transfer from the con- 
densing’ steam to the heated water. 
The arithmetic mean temperature of water 
ty, = 0.5 (t% + thy) = 0.5 (20 4+ 95) = 57.5 °C; 
and at —_ temperature | 
= 0.498 x 10-§ m’/s; A,, == 0.665 W/m-°C 
Py, == 984 kg/m*; and Pr,, = 3.12; 
wads 4.5«1.2x 1072 = h 
Rey = = gestae = 3.62 x 108. 


The water is in turbulent flow; calculation formula (5- ‘) 
ig used. 

The drop of temperature across the wall of a tube is set 
= gle 9g at 1°C, then, t,, #% ty, — 1 = 87°C and 
Pru © | 


a 0.021 Rep *Pryi** (Pry/Prut) = 
= 0.024 (3.62 x xe (3.12)°"*° (S55) = 1655 


2.03 
ay == Nuys, ~— = 165 hoe = 9000 W/m?.°C. 
The overall satan coefficient 
k= = i rte : 


ae ees war) sors. 104.5 + Gar 
| = 3630 W/m?.°C. 
The mean rate of heat flow | 
g = kAtiog = 3630 K 37.4 K 10°-° = 135.8 kW/m’. 
For a first approximation the heating surface 
= ogee = 19. 3 m?*. 
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The number of tubes in one pass 


Gy 4x 8.34 50 
m= ppond?  984X1.5X3.14 (1.2 x 10-2)2 
There are four passes in the heat exchanger and the total 
number of tubes nm = 4 X 50 = 200. . 
For a first approximation the height of tubes 


19.3 
H = F 


” tdgyn ~"3.14X1.3 X 10-2 X 200 = 2.37 m. 


The surface temperature of tubes 


tor =t,——L = 106.6 — PE = 84.3 °C; 


8 6 
toy = tung — 8 = 84.3 — EX 4 x 4073 we 83°C, 

‘Since the obtained numerical values of H, t,,. and t,,, do 
not coincide with these assumed for the first approximation, 
the calculation is repeated, assuming H =2.4 m, ty, = 
= 84.3 °C and t,,, = 83°C. The second calculation gives: 
a, = 8950 W/m?-°€, a, = 6030 W/m?-°C, k = 3490 W/m?-°C, 
q = 130 kW/m?, F = 20 m?®; for the second approximation 
the height of tubes H = 2.45 m. 

For the second approximation the tube surface tempera- 
tures t,,. = 85°C and t,,, = 83.8°C. The values obtained 
coincide with sufficient accuracy with these previously 


assumed, so we assume finally that F = 20 m? and H = 
= 2.9 m. 


12-16. Calculate the steam-to-water heat exchanger of the 
design considered in problem 12-15, assuming that heating 
steam pressure is raised to p = 226 kPa, all other condi- 
tions remaining unchanged. 

Answer 


G, = 1.22 kg/s,| F = 12.1 m*; AH = 1.5 m. 


12-17. Determine the heating surface and the length of 
individual sections of a continuous loop-type boiler econom- 
izer designed for heating feedwater in the amount of G, = 
= 230 t/h from tj, = 160°C to tye = 300°C (Fig. 12-6). 


Cd 
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The water is in upward flow in steel tubes (A, = 
= 22 W/m-°C), d,/d, = 44/51 mm in diameter, with a mean 


17 


/) 
4 a 
tre -€4 


17 
\*, 


Fig. 12-6. Solution to prob- 
lem 42-17 


velocity w, = 0.6 m/s. 

The flue gas (18% CO,, 11% 
H,O) flows downward in the in- 
tertubular space with a mean 
velocity w,= 13 m/s, measured 
in the narrowest cross section of 
the bank of tubes. The rate of 
gas flow G, = 500 t/h. At {the 
economizer inlet flue gas temper- 
ature t,; = 800°C. The tubes 
are in a staggered arrangement 
with a pitch s, = 2.1d across the 
flow and s, = 2d along the flow. 

Answer 

The heating surface F = 1060 
m?; the number of loops n = 86; 
the length of the loops / = 
=77.9 m. 

Solution 

The arithmetic 
temperature 


ty, = 0.9 (t72 + tye) = 
= 0.5 (160 + 300) = 230 °C. 


mean water 


At that temperature the physical properties of water are: 


Pr. = 827 kg/m’; 


Chote, — 4.68 kJ/kg aC: 


Aga = 0.637 W/m-°C; vs, = 0.140 X 10° m?*/s; 
Pry —= 0.88. 


The amount of heat transferred to feedwater in the econ- 


omizer 


‘ ; 930 x 10% 
Q = Gee pte (t¥2 — tea) = a 4.68 (300 — 160) = 
—4.2x 410 kW. 


The Reynolds number for water 


Wed, ae 0.64.4 x 1072 —4 89x 40°. ‘ 


0.145 x 10-6 
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The Nusselt number and the heat-transfer coefficient for 
water are determined by formula (5-7) in which (Pry./Prug)®-?5 
ez 1, taking into account the fact that the local heat-transfer 
coefficient on the water side exceeds considerably that on 
the flue gas side, consequently, the wall temperature is close 
to water temperature, assume that 


Nuy, = 0.021Rey5°Pryjs)> = 0.024 (1.82 x 10*)%* x 
<x (0.88)%43 = 314: 


oT = 4550 W/m?-°C. 


4.4 10-2 


To determine the temperature of the flue gas at the econ- 
omizer outlet, assume for a first approximation that the 
heat capacity of the flue gas cps, ~ 1.25 kJ/kg-°C. Then, 


QO gan 42 X108 neg 
Gye pf = 80 _ 800 x 108 x 1.25 = 998 °C 


7 A 
ay = Nujp—>~ = 314 


by3 = ty — 
and | 
t,, = 0.5 (ty, + t7;) = 0.5 (800 + 558) = 679°C. 
At that temperature cps, = 1.234 kJ/kg-°C, and as a re- 
sult of a second approximation 
ty, = 554°C and t,, = 677 °C. 
At a temperature t;, = 677°C the physical properties of 
flue gas of the given composition are as follows: 
Py, = 0.373 kg/m*; Ay, = 0.0808 W/m -°C; 
Vy, = 108 x 10-§ m?/s; Pr; = 0.61. 
The Reynolds number for the flue gas 
on wid, = 135.1 X 107? 6430. 


eae (5x ee 
Find the Nusselt number and the coefficient of heat trans- 
fer by convection from the flue gas to the walls of tubes. 
Since the number of rows of tubes arranged along the flow 
is not known, calculations are carried out for the third row 


of tubes. For clean tubes in a staggered arrangement, by 
formula (6-4), 


Nuy, = 0.44Regi °Pryj°°e, = 0.44 (6130)":* (0.61)°-#? — 64.3, 
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where, since s,/s, = 1.05, the correction e, ~ 1; 


x ran 
Om, = Nugy = = 64.3 53x = {02 W/m*-°C, 


In service, due to fouling of boiler heating surfaces, the 
intensity of heat transfer diminishes, which is accounted 
for by assumed [413]: 


a, = 0.8a; = 0.8 x 102 = 81.6 W/m?-°C. 


Determine now the coefficient of heat transfer by thermal 
radiation from the flue gas flow to the walls of tubes. The 
mean beam length 


_ 5489 = 
he 1.084 ( s 0.785) 
= 1.08 x 0.054 (2 x 2.4 —0.785) =0.188 m. 


The product of the mean beam length by partial pressure 
of carbon dioxide and water vapour 
Poo,! = 0.13 X 0.188 = 0.0245 m-atm; 
Py,ol = 0.11 xk 0.188 = 0.0207 m-atm. 


At the mean gas temperature ¢;, = 677 °C the emissivity 
of the flue gas is found from the graphs shown in Figs. 11-4 
through 14-3: 


eg = eco, + Ben,o = 0.072 + 1.08 x.0.042 = 0.117. 


Taking into account that a, < @,, assume ty, % ty, + 
+ 20 ~ 250°C. At that temperature find from the same 
graphs the absorptivity of the flue gas at the surface tem- 
perature of the tubes: : 


Ty, \ 0.68 
Ag = Ec0s (-—} + Beso = 


_ 677-+273 \0.65 _ 
= 0.064 ( ssc) +. 4.08 x 0.07 = 0.17. 


The effective emissivity of the enclosure 


ey — 0.5 (e; + 4) = 0.5 (0.8 + 1) = 0.9. 
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The rate of radiation heat transfer 


tna [tT de )"] = 
=0.95.7 [ 0. 447 (S00 ree YS 


—0.47 (See ] = 4230 W/m?. 


The coefficient of heat transfer by radiation 
pad = —trod__ a. = 9.9 W/m?. me 


The total coefficient of heat transfer from the flue gas to 
the walls of the tubes 
hy = Oy + Greg = 81.6 + 9.9 = 91.5 W/m?-°C. 


The overall heat-transfer coefficient 


k= | cas ‘ 4 on es 
ae aes SA Rear Ure: ke | aa ake 
7 a qt = T F550" 

= 88.3 W/m?-°C, 


Find the mean temperature difference, assuming the flue 
gas and water to be in counterilow: 


t,—t% 
fim 't2 = 800—300 
Fat, = B10 = 4.27 << 1.9. 
The ne temperature difference 
The nen vidas of the water economizer 


_ Q@ _ 4.2x 104 _ 9 
si kAtiog —«- 883 & 447 ee ae a 


The number of loops connected in parallel 
4G. 4X 230 x 108 ~ 86 
~~ ‘pygrtdtw,3600 827 X 3.14 (4.4 X 10-2)20.0xXx 3000 ~~ 
The length of an individual section (loop) 
F 1070 
L= Saw = Ta oe TS mo. 


21—0215 


322 Problems in Heat Transfer 


12-18. Determine the number and the length of loops of 
the superheater of a steam boiler rated at 230 t/h, generat- 
ing steam at a_ pressure p = 9.8 MPa and temperature 
ts == §10 °C (Fig. {2-7). 

Dry superheated steam flows into the superheater which 
is built-up of steel tubes havins liameters d,/d, = 32/38 mm 
(V.. = 22 W/m-°C). Steam n _ _:.’ in the superheater tubes 
with a mean velocity w, = 


,? 
a, tro =t, 
SD ay 
—_— ——__- 
—_——_ 7 ——__}- 
ro — 


i | 7 
try =1140 °C a 


Fig. 12-7. Solution to problem 12-48 


The flue gas (13% CO,, 11% H,O), in the amount G, = 
= 500 t/h, is in crossflow through the bank of superheater 
tubes. The gas inlet temperature't;, = 1100 °C. The mean 
velocity of the flue gas in the narrow cross section of the 
bank of tubes w, = 14 m/s. The superheater tubes are in an 
in-line arrangement with a transverse pitch s, = 2.3d, and 
a longitudinal pitch s, = 3d,. ) 

The variation on steam pressure along the superheater 
can be ignored. 

Answer 

The heating surface of the superheater F = 764 m?; the 
number of loops n = 168; the length of each loop 4, = 
= 45.2 m. 

Solution 

At the pressure p = 9.8 MPa the saturation temperature 
t, = tye = 309.5 °C. At that temperature the enthalpy of the 
steam [2] i; = 2728 kI/kg. At the superheater outlet steam 
temperature t72 = 510 °C and its enthalpy ij = 3401 kJ/kg, 
hence, the amount of heat added to the saturated steam in 
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the superheater 
fp Git tia ae 230 X10" (3404 — 2728) = 4.3 x 108 kW. 


The arithmetic mean temperature of steam 
= 0.5 (t42 + Ge) = 0.5 (309.5 + 510) ~ 410 °C. 


a an temperature the physical properties of steam are 


as follows [25]: Pte = 36.5 kg/m’, Age = 0.0708 W/m °C; 
Vio = 0.704 x 10-* m?/s, Pry. = 1.09. 


The Reynolds number ‘for steam, flow 


| _ Wedy 17 XK 2.8 1072 : 
Res = via. 0104 x 10-8 = 6.77 x 105. 


The Nusselt number and the coefficient of heat transfer 
from the wall to the steam: 


Nuys = 0.021Red;8Pr9;43 — 0.024 (6.77 x 10%)°-8 x 


x (4.09)-43 = 1000: 


A 
ag = Nuyg > = 1000 = 2530 W/m?.°C. 
Assuming for a - approximation the heat capacity of 


the flue gas cp,, = 1.31 kJ/kg-°C, find the temperature of 
the gas at the superheater_ outlet: 


QO gan __ 4-3 108% 3600 aaaan. 
Giepys = 1100 500 x 105 x 1.31 = 863 CG; 


then, t,, = 0.5 (t7, + t4) = 0.5 (1100 + 863) ~ 982 °C. 
At that temperature cpj,; = 1.303 kJ/kg-°C and no second 
approximation is required. 


At the temperature t;, = 982°C the physical properties 
of the flue gas are as follows: 


Or, = 0.28 ke/m*; A;z, = 0.1075 W/m -°C; 
Vy = 170 X 10-6 m/s; Pry, = 0.58. 
The Reynolds number for the flue gas 


_ Wydy 143. 2x 107% | 
ac va X 10-8 on 


Uy = ty — 


Find the Nusselt number and the coefficient of heat trans- 
. fer by convection from the flue gas to the walls of tubes. 


2i* 
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Since the number of rows of tubes along the flow is not 
known, calculations are carried out for the third row of 
tubes. For clean tubes in an in-line arrangement by for- 
mula (6-4) 

Nuy, = 0.26Re9 5 8°Pr?; 3e,, 
where 


e. = (+) Te" = (3)7 9-45 — 0,85 


and 08 

Nuy, = 0.26 (2640)° °° (0.58)°°*? 0.85 = 31; 
A 

ay = Nuyy = “—_ CE = 104 W/m’.°C. 


Fouling of the heating surface is accounted for by reduc- 
ing somewhat the heat-transfer coefficient [13]: 
a, = 0.8a, = 0.8 k 104 = 83 W/m?-°C. 
Determine the coefficient of heat transfer by thermal 


radiation from the flue gas to the walls of tubes. 
The mean beam length 


1 = 1.08d, ( 7 = 0.785 } = 


= 1.08 x 0.032 (2.3 x 3 — 0.785) = 0.212 m. 

The products of the mean beam length by the partial pres- 
sure of carbon dioxide and water vapour are as follows: 
Pco,! = 0.13 x 0.212 = 0.0276 m-atm; 
pu,ol = 0.41 x 0.212 = 0.0233 m-atm. 

At the mean temperature t,, = 982 °C the emissivity of the 
flue gas is found from the charts in Figs. 11-1 through 11-3: 
Eg = &co, + Peu,o = 0.066 + 1.08 x 0.037 = 0.106. 

To calculate the absorptivity of the flue gas, assume a 


tube surface temperature t,, ~ ty, + 40 = 450°C. At that 
temperature find from the same graphs that 


Ag = &co; (44)""* + Bex,o = 0.068 (=) + 


+ 1.08 x 0.067 = 0.169. 
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The effective emissivity of the enclosure 
"Sm = 0.5 (2, + 1) = 0.5 (0.8 + 1) = 0.9. 


The rate of heat flow due to thermal radiation 


ta tilale (8)! Ae Fa)" 


= 0.9 x 5.7[ 0.408 e=3) — 0.169 a) | ~ 


= 1.4 10* W/m?. 


The coefficient of heat transfer a,,g due to radiation: 


_ Brod __ 1-4 10% 2,0 
Orod = ito = 982 —450 — 20.7 W/m?.°C. 


The summary coefficient of heat transfer from the flue 
gas to the walls of superheater tubes 


hy = Arag + &, = 20.7 + 83 = 103.7 W/m?-°C. 


The overall heat-transfer coefficient 


= 1 —_ i 2: ee 2 
“a = ees 


The mean temperature difference is determined, assuming 
the flue gas and steam to be in counterflow. Allowing for 


pa 2 = pea AUT, 
it may be assumed that 
Atiog Ata = try — tye = 982 — 410 = 572 °C. 
The outside surface temperature of tubes 


kAt _ 98.5 672 
Lend = wr = 982 a 1 ae a 440 a OF 
In calculating radiation heat transfer, it was assumed 
that ¢,, = 450 °C, and the coincidence between the assumed 
and calculated temperatures is sufficiently accurate so that 
no repeated calculation is necessary. 
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The heating surface of the superheater 


pe G43 X10? 


sea ee ee 2 
_ kAtiog 98.5 « 572 764 i 
The number of loops 
_ 4G. 4 x 230 x 103 168 
Pfot dw, X 3000 36. 5x 3.14 (2.8 10-2)2 {7x 3600 


The length of each loop 


12-19. Carbon dioxide, in the amount G = 0.02 kg/s and 
at a pressure p = 10 MPa, flows into a round tube having a 
diameter d = 4 mm, passes the section of hydrodynamic 
stabilization and at a temperature ¢;, = 30°C enters the 
heated section of the tube where‘ the carbon dioxide is 
heated at a constant rate of heat flow g, = 8 K 105 W/m’. 

Find the d-stribution of temperature along the tube for 
relative distances from the tube inlet 2/d = 2, 4, 10, 20, 
30, 38, 50, 60 and 75. 

Answer 

Calculation results are tabulated below. 


x/d 2 | 6 | {0 20 | 30 
tre, °C 34.2 | 32.4 | 35.6 ] 39.9 ] 43.0 
Qn, W/m2-°C 4510 | 4000 | 3500 [| 3150 | 13050 


twx, °C 208 232 264 294 305 


tix, °C 45.1 48.2 51.6 59.0 
Ge, W/m?-°C 3200 3340 3360 3190 
ea 6 295 288 290 310 


—_— 
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“mT PRET be 
Oe ae 


Fig. 12-8. Solution to problem 12-19 


The variation of the wall temperature and of the bulk 
temperature of the carbon dioxide along the tube, and also 
the change in some characteristic quantities are presented 
graphically in Figs. 12-8 and 12-9. 

Solution 

The critical pressure of carbon dioxide p,, = 7.39 MPa, 
hence, the process of heat transfer considered in the problem 
proceeds in the super critical region of the parameters of 
state. Since in that region the heat capacity of fluid varies 
materially with temperature, the variation of the bulk 
temperature of the carbon dioxide along the tube is deter- 
mined by the variation in its enthalpy. With qg,, = const the 


328 Problems in Heat Transfer 


tt 
Gal 
wi 
F 


ho 
LIN 
BuLe 


$ 
( 
\ 
aN 
mi 
y. 
Ba 


Gy 
R 
A 
S, 


= 

/ 
f 
iv 
alm 
7 
"7 


Yi it i Ay 
Mam 


’ 
ae 


Af 
[| 
| 
| 
a 


0 10 26. 30 


S 
S 
S 
o 
8 
O 
XQ 


Fig. 12-9. Solution to problem 12-49 
change in liquid enthalpy along the tube is linear and 


With t;, = 30°C and, accordingly, Ty, = 303 K ip = 
= 537.4 kJ/kg; 


ig = 573.4 - SSO 5 = 573.44 5022 kJ/kg. 
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et: rid =-2 2£=2x 4x 107% = 8 x 10°? m and 

~ = 573.4 + 502 x 8 x 10°? = 577.4 kJU/ke. = 

i.e tables we find the temperature of carbon dioxide 
corresponding to this magnitude of enthalpy: T7,;, = 
= 304.2 K, or #;, = 31.2°C. By analogy, for other values 
of z/d, we find: 


T yx, K | 304.2 | 305.4 | 308.6 | 312.9 | 3416.0) 318.4 | 324.2) 324.6) 332.0 
tye, °C | 34.2{ 32.4) 35.6) 39.9! 43.0) 45.4) 48.2] 51.6 59.0 


At p = 10 MPa the pseudocritical temperature of carbon 
dioxide t,, «= 45°C. Therefore, near the cross section z/d = 
= 88, where t;, = 45.1°C, the heat capacity, cp;, and the 
Prandtl number, Pr;, are maximum and the other physical 
properties change drastically. 

Tha local Reynolds number 


2 
a 4G 4X2xK107 6.37 


nduy, = ™X4X 10-Suyx Hp 


Calculate the unknown wall temperature for the cross sec- 
tion z/d = 2. 

With z/d = 2 T,, = 304.2 K and the physical properties 
of carbon dioxide are as follows: u;, = 6.55 x 10-® Pa-s, 
Pyx = 764.1 kg/m’, i, = 577.4 kIT /ke, cpp, = 3.37 kT /kg-°C, 
Nyx = 8.74 x 10-3 W/m- ss OF leur = 72,02: 


? 


6 .37- 


the pattern of flow is turbulent and calculation formu- 
la (5.17) is used: 


—_ 


Nuy = Nuy ( =)" (a2 )" Bx, 
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where Nup; Cn n,m and e, are determined by the dependences 
given in Chapter 5 for formulae (5-15) and (5.47). 

For stabilized heat transfer and constant physical prop- 
erties, at p< p.,, the Nusselt number 


+ ReyPr; 


12. Wt (Py7/® —1)+4.07 
E = (1.82 log Re; — 1.64)-? = 
= [1.82 log (9.72 x 10%) — 1.64-3] = 1.81 x 107%; 
£/8= 2.296 x 10°; )/£/8 = 4.76 x 107: 
N 2.26 x 10-3 x 9.72 x 104 x 2.52 
Uy = ——— or 
12.7% 4.76 x 10-2 (2.522/5 —4)4-4.07 


Correction for the initial section 
ey = 0.86 4.0.54 (£)'" = 0.86 +-0.54 (5) = 1.27; 


Sh = 348 x 1.27 = 442; 


fx _ 449 8. 74 X 10-3 
4x10°5 


To determine the wall temperature, the local heat-transfer 
coefficient must be known, which, according to _formu- 
la (5-47), depends on the unknown wall temperature. The 
calculation is. therefo:e, carried out applying the method 
of successive approximations, solving together equation 
(5-17) and the expression 


lux = bfx 4-28 e (a) 
x 


Considering that heat transfer is affected by the varia- 
tion of the physical properties of carbon dioxide over the 
cross section of flow, which in formula (5-17) is accounted 
for by the factor 


Nuy = = 


= 348. 


y= Nuge, 


=: 9650 W/m?.°C. 


= cp \n Pw \™ 

ae (=)° ( fe Oy : 
resulting in a considerable reduction in the intensity of heat 
transfer, assume for a first approximation that o = 0.5. 
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Then 
Nu, = — = 442 x 0.5 = 221; 


ond Nu, = 224 SADC = 4820 W/m?-°C 


and for the first approximation, by formula (a), the wall 
=—, 


ae 


we = 31.24 = 34,2-4166 x 197°C. 


With t,, = 197°C, 7. = 470 K, 9, = 124.2 kg/m’, 
iy = 930.3 kJ/kg. 
The value of m for a second approximation 
= tin — bx 930.3—577.4 ° 
—— kJ/kg- U. 
~ = = 
=o = 0.632. 


The pseudocritical] a T,, = 318 K and in the 
cross section considered 


PO) 24 8 


Ty “4 
Tair and Fa 
and the exponent n is determined by formula 
n= 0.22-+0.18 5% = 0, 22 +.0.18 x 1.48 = 0.486; 


~Y24.2 


Bi a FF = 0.1633 
m= 0.35— 0.05 = 0.35 — 0.05 a2, = 0.282: 


= (0. 632° 4a (0.163)°-?°* —= 0.48, 
For the nied approximation the Nusselt number Nr ., 
a, and the wall temperature are as follows: 
Nu, = 442 x 0.48 = 242;. 
= ap = 9650 « 0.48 = 4640 W/m?-°C: 
_=3t. 94 SXIM = 31.2-4472.4'r 204°C. 


If a _ wins a = 204 °C is assumed for a thirc 
approximation, then a, shall reduce somewhat and ¢,,, in- 
crease. Therefore, a wall sm gage somewhat: exceeding 
204 °C, is assumed, namely t,,, = 208 °C. 
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At a wall temperature t,,, = 208°C (T,,. = 481K) 9, = 
= 120.2 kg/m’, i,, = 943.3 kJ/kg and as a result of the 


third i gh eh cp = 2.07 kI/kg-°C, cpleps = 0.613, 
Tw /Tm = 1.51, n = 0.498, p,,/o7, = 0.158, m = 0.282 and 


@ = (0.613)%493 (0,158)%.28% = 0.468; 
Nu, = 442 x 0.468 = 207; 
a, = 9650 x 0.468 = 4520 -W/m?-°C; 


8 x 105 = 0 
wy = 31.2 7555 208.2 °C. 


There-is sufficiently good agreement between the value of 
wall temperature assumed and that obtained as a result of 
the third approximation, and no further calculations are re- 
quired. Thus, with a relative distance z/d = 2 the wall 
temperature ¢t,, =: 208°C. 

The second calculation is made for the cross section 
eid == 00. 

With z/d = 50 t;, = 48.2°C, Ty, = 321.2 K, and the 
physical properties of carbon dioxide are as follows: 
Use == 3.07 X 107-5 Pa-+s; py, = 422.1 kg/m’; i;, = 673.8 kJ/kg; 

Cotx = 6.98 kJ/ke-°C; Ay, = 5.42 x 10-? W/m- CG; 
Pry, = 3.96. 


The local Reynolds number 


6.37 6.37 


The friction oe 4 the Nusselt number Nu, and @,: 
€ = [1.82 log (2.08 x 108) — 1.64]-? = 1.55 x 107; 


t/8 = 1.94 x 10-3; YE/8 = 4.4 x 1073: 
__ 1.94 x 10" x 2.08x 109X398 __ _ gas 
12.7X 4.4 x 40-2 (3.962/5 — 1) 44.07 


Since z/d > 20, then ¢, =1 and 


Nuy = 


— 8352: 42 X 107? 


= Nuy 22 Ex 10-3 


= 11300 W/m?.°C. 
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Taking into consideration,;that in a cross section more 
removed from the inlet ¢,,, will be greater than at the rela- 
tive distance z/d = 2 and, consequently; the effect of the 
variable properties of carbon dioxide on heat transfer re- 
sults in a greater reduction of the rate of heat transfer, 
assume as a first approximation that m = 0.3, then 


Nu, = Nu,g = 835 x 0.3 = 250.5; 
= ap = 11 300 x 0.3 = 3390 W/m?-°C; 


vs = hyp + = 48.2 + oT A 284°C. 


With t,,, = 284 °C (7T,,+ = 557 K) py» = 98.5 kg/m’; i,, = 
= 1032 kJ/kg. 


For a second approximation the magnitude of 


tw—'tte — 1032—673.8 


i. a oO ee 
Cp _ 1.52 
ao = 59g = 0.218; 


Since 4<cC 7, /Ty<ti.2 and 1< T,/T,, < 2.6, then 
by formula (5-17) 


n =m, + (5n, — 2) (1 — T,/T,,), where 
= 0.22 +.0.48 (+") = 0.224.018 x 1.75 = 0.536 
7m 
and 


n = 0.536 + (5 x 0.536 — 2) (1 — 4.01) = 0.53. 
fe — = 7 = 0.233. Just as before p—1x 10: Pa 
m = (0.282 and 


Q= = )" (22. )"=(0,218)"'59(0.233)°7? -= 0.297, 
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For the second approximation Nu,, a, and ?t,,, are: 
Nu, = Nu gp = 835 X 0.297 = 248; 


Ly = a, = 11 300 x 0.297 = 3350 W/m?-°C; 


ve = 48.2 + eas — 48,2 4-239 = 287.2 °C. 


Since the temperature obtained, t,,,, differs from that 
assumed, calculations should be continued. For a third ap- 
proximation assume a temperature t,,, = 287°C and repeat 
the calculation. At ¢t,, = 287°C T,,.= 560 K, py,» = 
= 97.9 kg/m’, i,, = 1035.6 kJ/kg. 


Mean heat capacity cp = 1.545 kJ/kg-°C; cp/epy = 0.217; 
Pol Tm = 1.76; n = 0.53; P/py = 0.232 and 
@ = (0.127) (0.232)%.283 = 0,295, 
Nu, = 835 x 0.295 = 247; 
a, = 11 300 x 0.295 = 3340 W/m?-°C; 


toe = 48.2 + Se = 48.2 4+-239.5 = 287.7°C. 


The obtained value of ¢,,, agrees sufficiently well with 
the temperature assumed, so that it may be taken that at 
aid = 50 t,,. = 288 °C. 

The wall temperature at other cross-sections along the 
tube is calculated in a similar manner, and calculation re- 
sults. are tabulated on page 337 and presented graphically 
in Figs. 12-8 and 12-9. 


12-20. A round tube having a diameter d = 4 mm carries 
— dioxide at a pressure p = 10 MPa and a rate of flow 
= (0.03 kg/s. The carbon dioxide enters the heated section 
of the tube at a temperature ¢;, = 10°C and is heated at a 
constant rate of heat flow through the wall, ¢, = 1.3 x 
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Fig. 12-10. Solution to problem 12-20 


x 10° W/m?. The heated section of the tube is preceded by 
a non-heated section of hydrodynamic stabilization. 
Find the distribution of temperature along the tube, as- 
Suming the following relative distances from the tube 
inlet z/d = 2, 4, 10, 20, 30, 40, 50, 60, 65 and 75. 
Answer 
Calculation results are presented graphically in Fig. 12-40 
and tabulated below. 
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x/d 

2 | 4 : 40 | 29 | 39 
ty, °C 11.8 13.6 18.9 26.9 33.5 
Cy / Og 0.504 0.462 0.419 0.363 0.332 
Ay, W/m?-°C 5630 4730 4080 3840 3730 
ty, °C 243 288 337 365 382 

40 50 | 60 65 | 78 
ty, °C 38.7 42.4 45.2 46.6 49.7 
ze /Ap 0.276 | 0.230 ] 0.212 | 0.233 | 0.29 
Ox, W/m2-°C 3670 3689 3680 3730 4360 


tw, °C 393 396 398 395 O47 


12-21. Find the distribution of temperature over the cross 
section of a cylindrical uranium (A = 31 W/m-°C) fuel 
element having an inside diameter d, = 14.mm and outside 
diameter d, = 28 mm. The inside and ‘outside surfaces 
.of the cylindrical fuel‘ielement are covered with tightly 
‘fitting claddings made from stainless steel (A, = 24 W/m-°C) 
of thickness 6 = 0.5 mm. The rate of heat release in the 
uranium) fuel element is assumed to be uniform over the 
cross. section and equal to g, = 2 x 10° W/m’. 

The coolant used in the fuel element is water moving along 
an inner circular channel and an outer annular channel with 
an outside diameter dg = 34 mm. The bulk temperature of 
water and its rate of flow in the inner channel are t;, = 
= 180 °C and G, = 0.18 kg/s, and in the annular channel— 
ty, = 200°C and G, = 0.30 kg/s. 

Jt is to be assumed that there is no heat transfer through 
the outside surface of the circular channel, i.e. gs = 0. 

Knswer 

The maximum temperature ¢, = 307 °C; uranium surface 
temperatures t, = 268 °C, t, = 265 °C. The drops in tem- 
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perature across the claddings t, — ¢,; = 20°C, tg — two = 
= 15 C. 

Solution 

The coefficient of heat transfer from the cladding to the 
cooling water in the inner channel. 

The physical properties of water at t;, = 180°C: py, = 
= 886.9 kg/m’, 4, = 0.674 W/m-C, vz, = 0.173 x 
< 10-§ m/s, Pry, = 1.0 

The Ro iar area of the inner channel 


fp = u(r, — 6) = a (6.5 & 10-4) = 132.5 x 10°? m’, 


where 
3 
ry—8 = —§ = BRO _ 0.5 x 10° = 6.5 x 103 m 
The velocity of water flow in the channel 


Gy 0.48 


1 Fog 132.5% 10-8 X 886.9 


= 1.539 m/s. 


The Reynolds number 
_ 4 (dy — 26) __ 1.535 (14—2 % 0.5) 10-3 : 
a eee amen, array ane a 


The Nusselt number is determined by formula (5-7): 


Pp : 
Nuyy = 0.024Re7i°Pryi*? ( — yr" = 0.024 (1.15 x 108)"* x 


D4 4.0 = 236, 


where it is assumed for a first approximation that the cor- 
rection for the variation in physical properties over the 
cross section of flow (Pry;,/Pr,,,)°** ~ 1 


hy 0.674 P 
hy = Nugy <5 238 —— {3 sc 10-3 = 1.22 x 10* W/m?.°C. 


The coefficient of heat transfer from the surface of the 
cladding to the cooling water in the outer annular channel. 
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With bse =200 °C P72 = 863 kg/m5; Mis = ().663 W/m a OF 
Vig = 0.158 x 107% m/s; Pry, = 0.93; 
f, = irs — (rg + 6)?] = 
— n (172 — 14.5%) 10-* = 248 x 10-° m2: 
0.3 


Gs 44 ; 
a. ; eee... ae we 
8 
Re,, = Wate . 1:4X9x 10 _ 4 42 x 108, 


vf, 0.458 x 1076 
where 


= 4fo lg == 34— 99 — 0-3 m. 
de = Teddy (d, + 28) 34 29 5 x 4 In 


Since heat is transferred only from the inside surface of 
the annular channel, the Nusselt number is determined by 
formula (5-24) suitable for the case of one-side heating 


Nu, ;= Nu; (4— 9) (<+)"t, 


where, replacing subscripts in accordance with the problem 
considered 


Nu = Nuya; Nu; — Nua; 


O= Terape TEL i ata = 0124s 


n = —O.16Pr-3.t5 = —0.16 
and sincé (d, + 26)/d, > 0.2, then — = 1. 


Calculated by the formula (5-7) derived for a round tube, 
the Nusselt number in the annular channe) 


Prfg \ 0.25 
Nua; = 0.021Reos*Pros 43 (5—) = 


== 0,021 (4.42 x 4104)9-98 (0.93)°43 — 102, 
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where it was assumed for the first approximation that 
(Pr;./Pr,,.)°** — 1. 


Nuy, = 102 (4 — 0.424) (0.853)-%18 = 99: 


rv 
ay = Nujg > = 92 =~ =. 22 x 10" W/m2-°C. 


The effective heat-transfer coefficients, accounting for 
the thermal resistance-of the — 


4 2 


ry 14x 10-3) 44 oe 
= Taxi tates tear gm 1124 x 10 


’ 


tej, = 8880 W/m?-°C. 


a as dat 28 
Leja og (dg+ 26) 2he] do 
28 x 10-3 28 x 10-3 


Sas sn ON oe, Qo 5. 
= TWaK 1029 eos 2.21 in 28 10.35 X 10°; 


hese = 9680 W/m?-°C. 
‘The neutral section radius 
qo Us | 


me 9 ] 
s (Lye $4) “> eft Chefs a ee (r3 27744 yy 


Pantani S) 


hefil 4 QLeftors 


2% 103 fF 7K4A03 «| 44% 1073 
(200 — 180) -+ —3-— | gag + —gea9 + 
i 2x 108 { { 

D) ( secs + EID + 


a 2 72\4 
bssar (14 72) 10-* | 


{ 14 
+37 az) 
= 105 x 1076 m?; 
rp= 10.25 mm, 


The rate of heat flow through the inside surface of the 
urnaium fuel element and through the inside surface of the 
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cladding 


gon ff (ot) = tote (84) 


= 7.98 x 405 W/m?: 


Iwi = hy = 7.98 x 108 44 = 8.60 x 10° W/m". 


The inside surface temperature of the cladding 


8.6 x 105 


toy = ty + “Zt = 1804 Tr 


=a 180-+ 70.5 zw 251°C. 


The rates of heat flow q, and q,,. and the outside surface 
temperature of the uranium fuel element are as follows: 


qian 
Se al 


ee iets (1-3) = Rat SES (1-3) 


= 6.5 x 108 W/m’. 


= 6.5 x 10° 5 = 6.28 ~ 105 W/m? 


Jw2 = 4s ates 


6.28 x 105 
1.22 x 104 


= 2004 51.4 = 251°C. 


ton = bya + “22 = 200-4 

The found values of ¢#,,, and ¢,,. can be used to refine the 
corrections for the variation in the physical ”properties 
over the cross section of flow*%in the calculation formulae 
for the heat-transfer coefficients. With t,,, = 251 °C’Pr,,, = 
= ().86, and with t,. = 254°C Pr,,, = 0.865, then, the 
corrections 


Ce) _ (ae) = 1 04. 


Pry¥g \ 0.25 : 0.25 
( iu = (Se) ~ 1.02. 

Although the corrections are small, nevertheless they tell 
on temperature distribution. Recalculating, with account 
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taken of the corrections, we obtain: 
@, = 1.27 x 10 W/m?-°C; as, = 9170 W/m?-°C; 
Nug:== 104; a, = 1.245 x 10 W/m?-°C; 
Qefg = 9850 W/m?-°C; r, = 10.26 mm; 
q, = 8.04 x 10® W/m?*; g,,, = 8.65 « 105 W/m’; 


bapa aan 248 °C; 
q, = 6.48 x 108 Wim’; gus = 6.25 x 10° W/m’; 
bing = 250 =C; 


Since the temperatures changed but slightly, no further 
recalculations are required. 
The inside and -outside surface temperatures of uranium 


ql, = and, = 8.04 x 108 x mn x 14 x 103° = 
— 353 x 104 W/m; 


Git ay a 
4 =lwit ta “ Ine dy—25 


3.53 x 104 ° 
t. = two += es ln as 


= 250+ box exex In 52 = 250-4 14.9 ~ 265°C. 


The maximum temperature in the fuel element 


ty=t, 42 | Or? In 22 — (r3 —r)|= 


2 X 105 10.26 S 
= 268+ SAS | 2 (10.26) In = — (10.2674) | 10° = 
= 268 + 39.2 = 307°C. 


12-22. Determine the distribution of temperature over 
the cross section of the fuel element considered in prob- 
lem 12-21, if the rate of water flow in the inner channel is 
halved, i.e. G, = 0.09 kg/s, and all other conditions remain 
unchanged. 
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Answer 


The maximum temperature t, = 327 °C; uranium surface 
temperatures t, = 298°C, ¢, = 274°C. The temperature 
drops across the claddings i, — 

—ty = 16°C, tt, — tp, = 17°C. a 

‘Thus, the general temperature level 
increased at the expense of a smaller 
heat-transfer coefficient on the in- a 
side wall, with temperature ¢, 
increasing by 30°C and tempera- 
ture t,—by 9 °C. 


ot 
S 
a 


12-23. Determine the distribution 
of temperature along the outer and 
inner channels of a fuel element 
with two coolant passes (of the 
Field’s tube type’. Water flows 
downward into the outer annular 
channel, turns at the end of it and 
flows upward in the inner annulus, | 
then leaves the fuel element at the ™ 
top. 

The main dimensions of the fuel 
element (Fig. 12-411) are: length of 
each pass | = 2.7 m; diameters of 


& 
Ge 


PALL SPITZ ASN Se 


ADL 4 


JL Lf. 


Paper IID th h beaherh rhaahehebathatierha rthertoashnted 


WE SCEEBULEREASBERRABRBABSAASSESABES ewe OEt 
_@QEQBESBBWeBeesnwsaeseenew Hee BeeBes*Sewes 
PITTI ISIN TS Cdk bd dbp hhhhhthatikahrhak aha 


OM 


NENW ER 
the inner annular channel d, = 14 N NN HN 
mm, d, = 20 mm; diameters af the ; NN H I 
outer annular channel] d, = 22 mm, N NN N 
d, = 28 mm; the outside diameter . pL te IN 
of the fuel element d,; = 34 ‘mm. N ; 

Calculate, assuming the follow- Ne yn 
ing conditions: the rate of heat SSS 
flow on the surface of the central Xx 


fuel rod qg, = 8 x 105 W/m?; the . 
water velocity in the inner annulus Fig- 12-11. Solution te 
w, = 2 m/s; the water temperature eee 

at the inlet into the outer annu-. 

lar channel 0, = 90°C; the temperature of water to 
which the outside surface of the inner channel is exposed, 
T, is constant along the length of the channel and equal to 
86 °C; the thermal conductivity of the walls’ = 21 W/m-°C. 
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Assume the local and overall heat-transfer coefficients to 
be constant along the fuel element, and when finding their 
numerical values use physical properties based on the 


lengthwise mean water temperature in a given coolant 
channel. 

The local coefficients of heat transfer on*both sides, of 
the inside wall of the fuel element should be assumed equal, 
Qs = @,. Assume a constant heat capacity of water ahd 
Cp = 4.25 K 10° I/kg-°C. 

Determine the temperature of water at the end of the first 
pass, 0;, and at the outlet from the second pass, ¢), and 
also the coordinate x,, and the magnitude of @,,—the maxi- 
mum temperature of the coolant inthe first pass. 

Answer 


0; = 103 ia 9 ty = 156 a Oe Im = 2m; 2, = 104 °C. 


Solution 
To determine the coefficient of heat transfer in the inner 
annular channel a,, assume for a first approximation a mean 


water temperature ¢ in this channel. This can be done on the 
basis of the following approximate calculation. 

The cross-sectional area and the equivalent diameter of 
the inner annular channel are as follows: 


fr = (dj—d?) = > (202 14?) 10° = 1.6 x 10+ m?, 
dey = d, —d, = 20— 14 = 6 mm. 
The rate of water flow in the channe} 
G = p,f,w, ~ 965 xk 1.6 x 10-4 x 2 w 0.31 ke/s, 


where p, ~ 965 kg/m?® at an inlet temperature 6, = 90 °C. 
Then, in the absence of heat losses, the water outlet 
temperature 


fom Oot Ge +o xa xie — — 160°C. 


Considering the rejection of heat from the outer channel, 
it may be approximately assumed that ft) ~ 150°C and 
t ~ 0.5 (90 + 150) = 120°C. Thus, for a first approxima- 
tion we assume that ¢ = 120°C. At that temperature the 
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physical properties of water: p, = 943 kg/m®, v, = 0.252 x 
x 10-& m?/s, A, = 0.686 W/m-°C, Pr, = 1.47. 
_ Reynolds number 
Wide = 2X6 x 10-8 4 
Re, = vy OBE KIO = 4.76 x 104. 

Taking into consideration that a number of simplifying 
assumptions have been made, the Nusselt number and the 
heat-transfer coefficient are determined with the aid of 
formula (5-7) derived for “round tubes, introducing the 
equivalent diameter. In addition, with a small error, we 
assume that the correction (Pr,/Pr,,) = 1. Then 


Nu, = 0.021 Re®-8Pr9-43 = 
= Q). 021 (4.76 x 104)°.8 (1.47) %43 = 136: 


@, = Nu, +— = — = 136 er = 1.55 x 10 W/m?.°C. 
The rate 7 caida flow in the channel 


G = pifiw, = 943 x 1.6 x 10-4 x 2 = 0.302 kgs. 


For the outer channel we assume as a first approximation 


that 6 = 6, = 90 °C. At that temperature p, = 965 kg/m’, 
v, = 0.326 x 10° m/s, 1, = 0.680 W/m-°C, Pr, = 1.95. 

The cross-sectional area ‘and equivalent diameter of the 
outer annular channel are as follows: 


fa = =P (Q— gf) = > (282 22%) = 2.35 x 10-* m?; 
deg = & — ds = 28 — 22 = 6 mm. 


The water velocity and the Reynolds number in the outer 
channel 


Ree = Ode ds 244 x 108, 
The Nusselt number and the heat-transfer coefficient 


Nu, = 0.024 (2.44 x 10498 (4.95)943 — 99; 


X se 
@ = Nu; 72 = 90 as = 1.02 x 108 W/m?.°C. 
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The coefficient of heat transfer from the outside wall of 
the fuel element a, = a, =11.02 «k 10 W/m?-°C, as given. 
The overall coefficient of heat transfer through the walls, 


separating the annular channels k, and through the outside 
wall k,, is: 


Pas 
— = 


{ 2 
Gada * DA m7 | ae! Gedy on 
3.44 


nd a 
<P 


1 4 2.3 lo nie 4 _ 
4.55x 1104x2107? ° 2«2!4 850 4.02 x 10% x 2.2 x 107 


=317 W/m?.°C 


hy = —7—7—_7- = 
cae ee 
ed, * 2A Agds 
_ = 14 _ 
_ 7 = 
1.02 x 104 x 2.8 « 1072 +5557 log str OTST 4x 107? 
= 285 W/m?-°C. 


Assuming, in accordance with given conditions, that 
k, = constand k, = const, the temperature distribution 


along the channels is calculated with the aid of formulae (5-31) 
through (5-33). 


The rate of heat flow per length of 1 m of the central 
fuel rod 


dg) = g, nd, = 8 x 10° x 3.14 x 14 x 10-8 = 
= 3.54 x 10* W/m. 


We determine the values of the quantities in formu- 
la (5-31): 


W = Ge, = 0.302 x 4.25 x 10° = 1280 W/°C; 


54x 104 51 x 4104 
Be SAN 123°C, a SEI 97.4°C im; 


C, = O)—T~— == 90 — 86 — 123-= — 119°C; 
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ey = ogy (— ka + VE bs) = 


= Ty soaaay (—285-+ 108 V BBR F4X S17 x 2.85) = 


f 
= egy (— 285 + 665) = 0.148; 


ema | —ky— Vie + Alek) = 


= se sea (-— 285 — 665) = — 0.371; 
etal — e- 0.371X2.7 — 0368; 


e&il — 90.148X2.7 — 4 49. 


Cyl tt 
4 TW 119 0.148 x 0.368-27.4 we gon 
1 eyetat—enettt 0.148 X 0. 368-+- 0.371 1.49 ~~" 
et a 
Af E TW 9 x08 149-274 gy 
2 e,e&' — ene%! _ 0.6075 _ 


The temperature of water at the end of the first pass is 
calculated by formula (5-31) 


By = ty = Ayer! + Age! + TE = 
= —35.8 x 1.49 — 63 x 0.368 + 86 + 123 = +102.5°C. 


rhe coordinate of maximum temperature in the firs: pass 
‘is calculated by formula (5-33) 


4 Agee \ 1 ( 630.371 \__ 
ae aT In ( Aye, 0.4484 0.374 In oo .8 X 0.148 )= 
= 2.01 m. 


With z = 2 the maximum temperature in the first pass 
is calculated with the aid of formula (5-31) 


Din s=2 Ajetm Aoe®s m + T + ft = 


a= —55.8¢0 148%2.01 _ §3¢e-0.371%2.01 4 86 4.193 = 1037 C 
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The distribution of temperature along the inner channel 
is described by equation (5-32) 


t= Byer + Bre + T+ +t, 
3 
qd 3.54 x 104 


Cy=—T — — 7 = 102. 5 — 86 — 144 —123 = —217.5°C; 
tw 47.5 x 0.314274 _ __ gagec 
tT eye, (0 148-F 0.37 1.49 
GIT 047.5 0.448-427.4 954°C 
(e,—eq) ee  (0.148-+0.371) 0.368 a 


At z=0 the water outlet temperature is calculated by 
formula (5-32) 


to = Byt+ B+ T+ = t= 
= — 140—25.1+ 86-4 111 A 123 = 154.9°C. 


Check the values of the physical properties of water as- 
sumed in calculating the local heat-transfer coefficients a, 
and «,. Taking into account the distribution of temperature 
along the outer channel, its mean value can be estimated 
in the following way: + 


& ~ 0.5 [0.5 (8) + Om) + 0.5 (Om + O))) © 
f~ 0.5 [0.5 (90 + 103.7) + 0.5 (103.7 + 102.5)] ~ 100 °C. 


It was assumed above that @ = 90 °C. Taking into account 
non-linear temperature variation, the lengthwise mean water 
temperature in the inner channel can be estimated as tx 
sy 135°C; it was assumed that t = 120°C. 

With ¢ = 135°C the physical properties of water are as 
follows: 0; = 930 kg/m’, A, = 0.685 W/m-°C, v, = 0.225 x 
xX 10-* m*/s, Pr, = 1.31. 

With 0 = 100°C p, = 958 kg/m®, 1, = 0.683 W/m-°C 
Va = 0.295 x .10-° m?/s,® Pr.” =(1.75. 
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Repeated calculation, using the specified. values of the 


physical properties of the coolant, yields the following 
results: 


G = 0.298 kg/s; w, = 1.32 m/s; 
a, = 1.64 x 10 W/m?-°C; a, = 1.06 x 104 W/m?-°C; 
k, = 326 W/m-°C; k, = 294 W/m-°C; 
6, = 103.2°C; z, = 2m; 0, = 104.3 °C; 
t, = 156.3 °C. 
The obtained results agree sufficiently well with these of 
the first calculation, and no recalculations are needed. 


12-24. Determine the distribution of water temperature 
along the length of annular channels in the fuel element 
with two coolant passes, considered 


in problem 12-23, if the velocity of C2 
water in the inner channel is doubled, ) 

increased from 2 to 4 m/s. Assume 2s, 
the heat capacity of water to be con- — 


stant and cp = 4.23 x 10° J/kg-°C. 
All other conditions of problem 12-23 


CL 
~ 

tw 

a 


ABWBABATBW 


oe 
z 


SS 

remain unchanged. N Sows 
Answer N 

$:=95 °C; tm=2.1 m;  Om=96°C; WK te 


G, 


ty = 124 °C. 

12-25. Determine the distribution 
of coolant and wall temperature along 
the channel of the core of a nuclear 
reactor. The cylindrical fuel element 
of the reactor (Fig. 12-12) has an out- 
side diameter d = 21 mm and a length 


+ SVUBRBSUSBASAGAAREDD WBEYBARGULYS 


MAMA TBUVESISASBARBUSBS ee Sea. 


LLL 
Li 


LE 


LLL, 


VWTVSSESELSBRASGPBABSVSBAB 


l1=2.8m. It is made from uranium \\ 

(X = 34 W/m-°C). The surface of the a 

fuel element is covered with a tightly Gites 

fitting stainless steel (A,,=21 W/m-"C) Fig, 12-42. Solution 


cladding of thickness 6 = 0.5 mm. to problem 42-25 
The volumetric rate of heat release 

in the uranium fuel element, q,, is assumed to be constant 

over the cross section and vary along the length of the ele- 

ment, obeying the cosine law (the reactor is not fitted with 
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end closures or caps). If the origin of coordinates is placed 
midlength of the fuel element, then at x =0 q,,= 4.9 X 
<x 107 W/m. 

The fuel element is cooled with carbon dioxide: the 
coolant flows along an annular channel having an outside 
diameter d, = 30 mm. The pressure and rate of flow of the 
carbon dioxide coolant p = 2 MPa and G = 0.25 kg/s 
and its inlet temperature tj, = 150 °C. The transfer of heat 
through the outside wall of the annular cooling channel can 
be ignored. 

In solving the problem assume a lengthwise constant 
coefficient of heat transfer from the surface of the cladding 
to the coolant and determine its approximate value with 
the aid of the formula derived for calculating heat transfer 
in round tubes and without the correction for the tempera- 
ture factor. 

Determine the temperature of the carbon dioxide coolant 
t;, the inside and outside surface temperatures of the clad- 
ding. ¢, and ?¢,,,, the temperature at the centreline of the 
fuel element 7,, at the following distances from the inlet: 


0.5, 1.0, 1.4, 1.8 and 2.3 m (x = —0.9, —0.4, 0.0, 0.4, 
0.9 m), and also determine the coordinates and the maximum 
temperatures lf, m: ty).m, and tgxis.m 


At p = 2MPaandt = 150-300 °C the physical properties 
of carbon dioxide are tabulated below [25]: 


fe p, kg/ms ae ae Saat Wee Pr 
450 26.3 — 1.00 20.0 260 0.768 
200 20.2 4.02 22.0 278 0.825 
250 20.8 1.04 24.6 307 0.832 
300 17.9 1.07 26.5 341 0.832 
Answer 


The coordinates and maximum temperatures: 
Cwm = 0.309 m; ty, m = 384 °C; 
Zwim = 9.298 m; tym = 390 °C; 
ZLasm = 0.240 m; team = 431 °C. 
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Fig. 12-13. Solution to problem 412-25 


The data on temperature distribution along the cooling 
channel are presented graphically in Fig. 12-13 and tabula- 
ted below: 


£ —1.4 —0.9| —0.4 0 0.4 0.9 1.4 

ty, °C 150 159 183.5 | 209 234.5 | 260 268 

ty, *C — | 246.5} 331.5] 373 | 382.5] 347 = 

tir, °C — | 249.5] 336.5} 379 | 387.51 350 | — 

tax, °C — | 272.5 | 375.5 | 422.5} 426.5 | 373 es 
Solution 


The rate of heat transfer from length of 1 m at midlength 
of the cooling channel (xz = 0) 


Go = Vox TA = 4. 9x 197 S14 X21" 4-0 _ 1.7 x 10* W/ni. 


At x = i/2 the outlet temporature of the carbon dioxide 
is calculated with the aid of formula (5-34) 


fe b= Gen o_‘(O.- DB xtoax ios — 118°C, 
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where in the 150 to 250 °C temperature range cp = 1.02 x 
x 10° J/kg -°C: 


ty, = ty, + 148 = 150 + 118 = 268 °C. 
At z = 0 the temperature of carbon dioxide 
from ty -+ GE = 0.5 (ths + ta) = 209 °C. 


At the pressure p = 2 MPa and ?;,, = 209 °C the physical 
properties of carbon dioxide are as follows: cp; = 1.02 x 
x 10° J/kg-°C, 0; = 22.7 kg/m, py = 22.8 x 10-® Pass, 
Ay ==}2.83 x 107? W/m -°C,* Pry = 0.826. 

The equivalent diameter’of the annular channel 


d= d,—d = 30 — 22 = 8 mm, 


where d = d, + 26 = 24 +2 x 0.5 = 22 mm. 
The Reynolds number 


Re, wd, Gd 4G 


— aspen SUED 
ow, S**aeraeet __, Gee 


e 
vf Pyivye 


Cad 


~~ t (dg +) py * 


where { = x (dj — d*)/4 is the cross-sectional area of the 
channel. 

Substituting into the expression for Re; the numerical 
values of the quantities found in it, we obtain: 


40.25 | 
Rey = SOE ios az Bx tos — 2-69 x 10%. 
The Nusselt number and the heat-transfer coefficient are 
determined approximately by formula (5-7) 


Nu; = 0.024 Re? *p,?-* = 
= (1.021 (2.69 x 10°)%® (0.826)9-4 = 424; 


r 


a == Nu; 3 “Sxi03 


= 1500 Wm?-°C. 


The difference between the temperature at the centreline of 
the fuel element and that of the carbon dioxide coolant, 
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at x = 0, 
q 4 { d 1 \ 
Maz,0o=taz.o— t,o = (4 +q-Inz-+ a7) = 
1.7X108 (1 1 22 { _ 
er: (=H 2.24 ln + TEx |= 
= 43.6+5.9-+4 164 = 213.5 °C. 
Thus, 


Atw.o= tw.o— Ly, 0-= 164 GC; 
Atwws, o— tiot4,9— by 9 = 169.9 i 2 
Atax. oo las, ) re bs,  s 213.9 Oe 


At x = 0 the outside and inside surface temperatures of 
the cladding and the axial temperature of the fuel element: 


two = ty9 + Aty.o = 209 + 164 = 373 °C; 
toro = ty.9 + Atui.o = 209 + 169.9 = 378.9 °C; 
tox.o = ty + Atex.o = 209 + 243.5 = 422.5 °C. 


The maximum temperature at the heat-transfer surface, 
tw,m, is determined by formula (5-35): 


RR eee Fe I oa Dee 


set te Tae) 


ty2 — ty tja—tyy 


or 


bie—t y) 
bin, m= ls, 0+ V ( se 2 : + Ats, o ae 
= 2094) (48)? 4 a0 9 = 2094V 348100, 03 (a) 
tio, m= 209-+ V 3481 4 16% = 383°C. 


The coordinate of the maximum temperature on the heat- 
transfer surface, z,,m, is determined by formula (5-36) 


l tfa— ty 2. 
To, m = arctan (Fae) ay aretan (Z—) 5b 
9 w, 0 


Zw, m = 9.89 arctan (ser) = (0.308 m. 


The maximum inside surface temperature of the cladding 
and the maximum axial temperature of the fuel element and 
23—0215 
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their saiedianien are determined by expressions (a) and (b), 
substituting in them the quantity Ai,., with At, and 
Atay. respectively. 


fwi.m = 209 + V 3484 at Att, 9 = 
-= 209 4+ VY 3481 + 169. 9? == 389 °C; 


oo) —V.89 arctan (3 i569. ws)= 


lay m= 209-- V 3481 + 213.5? = 431 °C; 
== ),240 In. 


=0.298 m; 


Lyi, m == 0.89 arctan ( 


Lay, m= 0.89 arctan 


a9 
213.9 
The temperatures of the carbon dioxide coolant at differ- 
ent coordinates zx are found with the aid of formula (5-34): 


a (sin +1) = byy-+ — {s sin = + 1) = 
= 150 +. 59 [sin (1.2227) + 4]. 

Substitution of the value of z yields: 

c= —4.4 ty = ty, = 150°C; x = —0.9 t, = 159 °C; 
z= —0.4 ty= 183.4°C; r= Ot, = 209 °C; 

= QO.9t, = 259.7 °C; x=1.4 ty = 268 °C. 


The temperatures of the heat-transfer surface ¢,, at differ- 
ent coordinates x are found from formula 


ty = by + 


ty =t,+ Aly, 9 cos =. (12-2) 
With z = —0.9 


ty = 159 + 164 cos (—1 122 x 0.9) = 246.3°C. 


_ By analogy, determine the wall temperature ¢,, at z = 
—Q.4; 0; 0.4 and 0.9 m. 
~The temperatures of the inside surface of the cladding and 
at the axi3 of the fuel element are determined as a function 
of x by means of formula (12-2), substituting in the latter 
the quantity At, , with At,,,, and At,,, respectively. 
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At z = —0.9 | 
tug =ty + Atros, 9 COS—— = 159 + 169.9 cos (— 1.01) =249.3 °C. 


tax =ty + Ata, 9 CoS ——= 159 + 213.5;c0s (—[1.01) = 272°C. 
The temperatures ?,,, and ¢,, at other coordinates z are 
determined in a similar way. 
Calculation results are given in the answer to the problem. 
The variation of ¢;, t,,, t1, and tg, along the channel is 
shown in Fig. 12.13. 


12-26. Determine the distribution of coolant and wall 
temperature along the fuel element considered.in problem 
12-25, if the coolant is sodium. 

The maximum volumetric rate of heat release in uranium’ 
Gop = 1.2 XK 10° W/m*. The rate of sodium flow G = 
= 0.66 kg/s and its channel inlet temperature t,, = 300 °C. 
All other given conditions remain unchanged. 

Calculate the numerical values of quantities as in pro- 
blem 12-25. 

Answer 

Coordinates and maximum temperatures: 


Zipem = 1.21 mp ty.m = 389 °C; 
Looi.m = 0.955 m; tum = 394.1 °C; 
Zax.m = 0.289 m;  tae.m == 482.5 °C. 


The data on temperature distribution along the channel 
are tabulated below. 


z, m —1.4 | —0.9| 04] 0 0.4} O09) 1.4 
ty, °C 300 | 306.7] 325 | 344 | 363 | 381.3] 388 
tw, °C — | 344.8] 333.6] 353.61 371.6] 386 - 
tng, °C — | 319.5 | 346.7} 368.11 384.7| 394 | — 
tax, °C — | 376.2] 436.8| 475 | 474.8} 450.8 
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| 
Table 1 
International System of Units (SI) 
: | 


Quantity ! Unit Dimensions 


| Fundamental untts 


Length meter m 

Mass kilogram ke 

Time second 8 

Current ‘ampere amp 

Thermodynamic tempera-| kelvin K* 
ture 

Luminous intensity candela cd 


Some derived units 


Area square meter m* 
Volume cubic meter m3 
Velocity meter per second m/s 
Acceleration meter per second per | m/s? 

second 
Density kilogram per cubic meter | kg/m* 
Force newton N; (kg-m/s*) 
Pressure pascal Pa; (N/m?) 
Dynamic viscosity pascal-second Pa-s, (N-s/m2) 
Kinematic viscosity square meter per second | m2/s 
Work, energy and heat joule : J; (N-m) 
Power, heat flux watt W; (J/s) 


Pesaific heat joule per. kilogram-kelvin J/kg-K* 
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Table I (continued) 


Quantity | Unit Dimensions 
Heat involved in change| joule per kilogram J/kg 
of phase, enthalpy 
Rate of heat flow watt per square meter W /m2 


Thermal conductivity watt per meter-kelvin ‘W/m-K* 
Local and overall heat-| watt per square meter-| W/m?-K* 


transfer coefficients kelvin 
Radiation factor watt per square meter-| W/m?.K‘ 
kelvin in the fourth 
power’ : 


* In addition to the thermodynamic temperature scale, K, the interna- 
tional practical scale, °C, is also used. 


Table 2 
Conversion Factors Relating MKGCS to SI Units 


Energy 4 kcal = 4.187 kJ 

Force 4 kgf —9.81 N 

Specific gravity 4 kgf/m$ —9.84 N/m 

Density 1 kef.s2/m4—9.81 kg/mS 

Pressure 1 kgf/cm2=0.981 x 105 Pa 
Dynamic viscosity 1 kgf-s/m?=—9.81 Pa-s 

Heat capacity {1 kcal/(kgf-°C) = 4.187 kJ /kg -°C 
Enthalpy, change-of-phase heat | 1 kcal/kgf—4.187 kJ/kg 

Heat flux ; 1 kcal/h=1.163 W 

Rate of heat flow 1 kcal/(m?-h) = 1.163 W/m? 
Volumetric rate of heat flow 4 kcal/(m$-h) =1.163 W/m$ 
Thermal conductivity 4 kcal/(m-h-°C) = 1.163 W/m-°C . 
Heat-transfer coefficient 4 kcal/(m2-h-°C) = 1.163 W/m?.°C 


"See 5 


Radiation factor 4 kcal/(m?-h-K*) = 1.163 W/m?-Ké 
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Table 7 
Thermal Conductivity 4, W/m-°C, of Metals and Alloys 
Depending on Temperature [24[ 


© 
Name of metal Temperature, °C 


or alloy ~ 9 | 20 | 100 | 200 | 300 | 400 | 500 | 600 


Aluminium 202 — |206 §229 |272 [349 |371 1422 
Aluminium alloys: 
92% Al, 8% Mg |102 ]106 |423 11448 | — | — |] —j — 
80% Al, 20% Si [158 160 [169 |174 ee ae ee ee 


Duralumin: 
94-96% Al,. 
3-5% Cu, 
0.5% Mg 159 |165 [484 [194 — —_ _— — 
Brass: 
90% Cu, 10% Zn {102 — {117 {134 (149 |166 [480 (495 
70% Cu, 30% Zn {106 — |109 [410 4144 |116 [420 |4121 
67% Cu, 33% Zn 100 — |107 413 (4214 [428 135 |4154 
60% Cu, 40% Zn [106 — {120 37 {152 [69 [186 {200 
Copper (99.9%) 393 — |385 1378 {371 [365 {359 1354 


Mone! metal: 
29% Cu, 67% Ni, . 
2% Fe — {| 22.4) 24.4) 27.6] 30 | 34 = i 


German silver: 

62% Cu, 15% Ni, 

22% Zn — 125.0) 31 [40 | 45 | 49 | — J] — 

Nichrome: | 

90% Ni, 10% Cr | 17.4] 17.4} 19.0) 20.9] 22.8) 24. 

80% Nf, 20% Cr | 12.2] 13.6] 13.8) 15.6) 17. 
Ferrous nichrome: 

61% Ni, 15% Cr, 


20% Fe,4% Mn} — | 11.6] 11.9} 12.2) 12.47 42.7) — | 43.4 
61% Ni, 16% Cr, 
23% Fe — 41.9) 12.4) 13.2] 14.6] 16.0) 17.4, — | — 


Soft steel 63 — | 57 | 52 } 46 | 36 — | dt 
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Table 8 
Therma) Conductivity of Alloys [24] 
Alloy t, *C A, W/m-°C 
Aluminium bronze: 95% Cu, 5% Al 20 82 
Bronze: 
90% Cu, 10% Sn 20 42 
75% Cu, 25% Sn 20 26 
88% Cu, 10% Sn, 2% Zn 20 48 
Phosphor bronze: 
92.8% Cu, 5% Sn, 0.15% P, 2% Zn 20 79 
91.7% Cu, 8% Sn, 0.3% P 20 45 
87.2% Cu, 12.4% Sn, 0.4% P 20 36 
Invar: 35% Ni, 65% Fe 20 41.0 
Constantan: 
60% Cu, 40% Ni 20 22.7 
60% Cu, 40% Ni 100 25.6 
Manganin: 
84% Cu, 4% Ni, 12% Mn 20 21.3 
84% Cu, 4% Ni, 12% Mn 100 28.4 
Magnesium alloys: 
92% Mg, 8% Al 20-200 62-79 
88% Mg, 10% Al, 2% Si 20-200 58-76 
92% Mg, 8% Cu 20-200 126-132 
Copper alloys: 
70% Cu, 30% Mg 20 13 
90% Cu, 10% Ni 20-100 58-76 
80% Cu, 20% Ni 20-100 34-44 
40% Cu, 60% Ni 20-100 22-26 
Rose metal: 50% Bi, 25% Pb, 25% Sn 20 16 
Wood metal: 48% Bi, 26% Pb, 13% Sn, 
13% Cd 20 43 
Nickel alloys: 
70% Ni, 28% Cu, 2% Fe 20 35 
60% Ni, 12% Cu, 26% Fe 20 13.5 
Nicke) silver ( 29.3 
Ditto 100 37 
Iridioplatinum: 90% Pt, 10% Ir 0-400 30 .9-34 
Electron: 93% Mg, 4% Zn, 0.5% Cu 20 1416 
Rhodic platinum: 90% Pt, 10% Rh 0-400 30-30.6 


p, 
kg/mS 
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Physical Properties of Dry Air 


Cy: 
kJ/ke-°C 


4 103, 


W/m -°C 


ax1i0&, 
m/s 


(B = 760 mm Hg = 1.01 x 105 Pa) [43] 


1x 106, 
Pa-s 


vx 106, 
m3 .-g 


7100 
800 
900 
1000 
1100 
1200 


0.239} 


24-0215 


1.009 
1.009 
1.005 
1.005 
1.005 
1.005 
1.005 
4.005 
1.005 
1.008 
1.009 
1.009 
4.009 
1.008 
1.013 
4.017 
1.022 
1.026 
1.038 
1.047 
1.059 
1.068 
1.093 
4.444 
4.135 
1.456 
{172 
1.185. 
1.197 
1.210 
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Water Boiling Temperature Depending on Pressure [2] 
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Table {0 


x10-5, 
i.e RS. SS. Sues. Eo BO a 


ee ee ee ee ee eS 
~—jI gm co kk GG DD = 


RRNA SoG 


100 


102 
104 


108 
110 


112 


144 - 


146 


q 118 
, 420 


218 
220 


te] 
2 


303.214 
353.17 
359.14 
356 .04 
356.96 


357 .87 
358.78 


* | 359.67 


360.56 
361.44 


362.31 
363.47 
364.02 
364.87 
365.71 


366.54 
367 .37 
368.18 
368 .99 
369.79 


370,58 
371.4 
372.2 
372.9 
373.7 


‘Critical state 


224.29 


974.10 
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Physical Properties of Water at a Pressure 
p= 240 x 105 Pa ® [23] 
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Table 13 (continued) 
103, é, : 1x 108, 107, 

t, °C ‘m3/ke kJ/kg nt W/m °C pate Pr 
382 3.698 2234 86.59 219 383 15.14 
3873 4.134 2302 06.17 204 363 9.90 
384 4.458 2349 41.57 194 351 Vide 
385 4.718 2386 33.38 487 343 6.412 
386 4.940 2416 28.17 181 338 5.26 
387 9.136 2443 24.56 176 333 4.69 
388 9.341 2466 21.89 472 329 4.19 
389 5.474 2486 49.84 468 326 3.89 
390 5.619 2505 18,21 165 324 3.98 
391 5.758 29023 16.87 162 322 3.30 
392 5.888 2009 45.76 460 320 3.45 
393 6.041 2554 14.81 157 318 3.00 
394 6.128 2569 14.00 159 317 2.86 
395 6.240 2082 43.29 453 316 2.74 
396 6.347 2595 42.66 151 314 2.63 
397 | 6.450 | 2608 | 12.41 | 149 313 2.54 
398 6.550 2620 11.62 148 312 2.49 
399 6.646 2631 41.47 146 312 2.39 
400 6.738 2642 410.76 144 311 2.34 
401 6.828 2653 10.40 143 310 2.26 
402 6.916 2663 10.06 142 310 2.20 
403 7.004 2673 9.75 140 309 Zi10 
404 7.084 2682 9.46 139 308 2.40 
405 7.165 28692 9 20 138 308 2.06 
406 71.244 2704 8.95 436 308 2.02 
407 7.322 2710 8.72 135 307 4.98 
408 7.397 2718 8.50 134 307 1.94 
409 7.4714 2727 8.30 133 306 4.94 
410 7.544 | 2735 8.42 (2 306 1.88 
411 7.645 2743 7.94 131 306 1.85 
442 7.685 2754 7.97 430 306 4.83 
413 T 754 2758 7.64 129 306 4.80 
414 7.821 2/766 7.46 128 305 1.78 


ox 108, 
m5/kg 


7.888 
7.953 
8.017 
8.081 
8.143 
8.205 
8.326 


11.56 
14.74 
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Table 13 (concluded) 
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* pip = 221.2K 108 Pa; fap 374.1 °C. At p=240X105 Pa tay, = 380.7 °C. 
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Table 14 


Physical Properties of Water at Pressure 
p= 300 x 105 Pa * [23] 


t, 
kJ/kg 


Cy, 
kJ/kg °C 
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Table 14 (continued) 


395 2.383 | 2045 19.68 299 516 3.40 
396 2.450 | 2065 20.90 294 505 3.62 
397 2.526 | 2086 22.24 | 284 494 3.88 
398 2.610 | 2409 23.55 276 483 4.12 
399 2.703 } 2433 24.79 269 474 4.34 
400 2.804 | 2159 25.71 262 460 4.52 
404 2.914 | 2485 26.48 255 448 4.66 
402 3.034 22.42 26.69 248 438 4.76 
403. 3.452 | 2238 26.43 242 428 4.67 
404 3.276 | 2264 25.79 236 418 4.58 
405 3.400 | 2290 24.89 230 440 4.43 
406 3.523 | 2344 23.04 225 403 4.29 
£07 3.644 | 2337 22.74 220 396 4.40 
408 3.762 | 2360 21.63 215 390 3.92 
409 3.876 | 2384 20.56 244 385 3.76 
410 3.986 | 2404 19.54 206 380 3.60 
414 ¥4.094 | 2420 18.58 202 376 3.45 
442 4.198 | 2438 17.70 199 372 3.34 
413 4:298 | 2455 16.88 196 368 3.18 
4i4 4.395 | 2472 16.42 192 365 3.06 
415 4.489 | 2487 15.43 190 363 2.95 
446 4.580 | 2503 14.79 187 360 2.85 
417 4.669 | 2547 14.20 184 358 2.78 
418 4.755 } 2534 13.66 182 356 2.67 
419 4.838 | 2544 13.40 179 354 2.60 
420 4.920 | 2557 12.69 477 352 2.52 
422 5.076 | 2582 11.86 173 349 2.39 
424 5.225 | 2605 44.45 469 346 2.28 
426 5.367 2626 40.52 166 344 2.418 
428 5.503 2647 9.28 163 | 342 2.10 

A 


380 Appendices 
Table 14 (concluded) 

nec | Hae | wale | ysaBiec| wine | “Bae? | Pr 
430 5.634 2666 9.49 160 340 2.02 
432 5.759 2685 9.06 157 338 1.95 
434 5.880 2703 8.67 154 337 1.89 
438 5.998 2720 8.33 152 336 1.84 
438 6.111 2736 8.04 150 335 1.79 
440 6.222 2752 7.73 148 334 1.75 
442 6.329 2767 7.47 146 333 1.71 
44d 6.433 2782 7.23 144 333 1.67 ° 
445 6.535 2796 7.04 142 332 1.64 
448 6.634 2810 6.81 140 332 1.61 
450 6.731 2823 6.62 139 334 1.58 
452 6.826 2836 6.45 137 334 1.36 
454 6.918 2849 6.29 136 334 1.38 

. 46 7.009 2861 6.14 134 330 1.51 
458 7.098 2874 6.00 133 330 4.49 
460 7.4185 2885 5.87 131 330 1.48 
462 7.271 2897 9.74 130 330 1.46 
464 7.355 2908 5.63 129 330 1.44 
466 | 7.438 | 2920 | 5.52 127 330 1.43 
468 7.520 2930 5.42 126 330 1.42 
470 7.600 2941 5.32 125 330 1.40 
475 7.795 2067 5.10 122 330 1.38 
480 7.983 2992 4.90 124 334 1.34 
485 8.165 3016 4.73 119 331 1.32 
490 8.342 3040 4.58 118 332 1.29 
495 8.514 3062 4.44 © 417 333 1.26 
500 8.684 3084 4.32 116 334 1.24 


* pap = 221.2- 108 Pa; ¢,, = 374.4 °C; At p = 300X108 Pa tf. = 401.6 °C. 
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Table 15 


Physical Properties of Carbon Dioxide at a Pressure 
p=100 x 105 Pa* 


p, i, C4 AX102, [ax 108, ux 105, /Bx 1064, 

kg/m3 =| kJ/kg | xyjxb.ec | W/m-°C| mt/s | Pa-s | K-1 | PF 
275 964.6 {502.0] 2.20 | 44.9 | 5.59 [44.4 | 52.9 |. 2.06 
280 | 938.4 [543.4{; 2.28 [414.3 | 5.34 10.3 | 58.4 | 2.07 
289 909.6 (524.8| 2,38 | 10.8 5.04 | 9.52 | 65.6 | 2.09 
290 | 878.2 {537.0} 2.54 | 10.3 | 4.67 | 8.76 | 75.4 | 2.44 
295 843.0 }550.0} 2.70 | 9.77 | 4.30 | 8.00 | 89.47 2.24 
300 802.4 (564.4) 2.99 9.23 | 3.85 | 7.23 |444 2.34 
301 793.0 |567.1{ 3.06 9.41 | 3.75 | 7.07 {117 2.38 
302 783.6 }570.2] 3.15 9.00 | 3.65 | 6.91 }123 2.42 
303 773.7 1573.4] 3.24 8.88 | 3.55 | 6.75 /131 2.46 
304 763.3 {576.71 3.35 8.76 | 3.43 | 6.58 |139 2.93 
305 792.4 |580.4] 3.47 8.64 | 3.31 | 6.44 [149 2.97 
306 740.9 1583.7; 3.64 8.52 | 3.19 | 6.24 /160 2.64 
307 728.7 {587.31 3.76 8.39 | 3.06 | 6.06 |173 2.72 
308 745.7 (591.2) 3.95 8.26 | 2.92 | 5.88 488 | 2.84 
309 701.8 | 995.3] 4.18 8.42 | 2.77 | 59.69 |206 2.92 
310 686.7 | 599.5} 4.23 7.97 | 2.62 | 5.50 j228 3.00 
311 670.4 |604.1| 4.74 7.84 12.46 | 5.29 (254 3.24 
312 652.5 |609.0) 5.414 7.65 | 2.29 | 5.08 |286 3.39 
343 632.9 }644.4) 5.55 7.47 $2.42 |} 4.86 /326 3.64 
314 614.2 |620.2} 6.08 7.27 | 1.96 | 4.63 1373 | 3.87 
315 587.2 |626.6| 6.68 7.05 | 1.80 | 4.38 [428 4.15 
318 561.0 }633.5) 7.28 6.81 | 1.67 | 4.413 |487 4.42 
317 532.9 | 641.1} 7.79 6.54 | 1.58 | 3.89 |538 | 4.63 
318 504.0 |649.0| 8.05 6.26 | 1.54 | 3.65 [571 4.69 
319 475.9 $657.1! 7.98 5.98 141.57 | 3.44 {575 | 4.57 
320 449.7 |664.9) 7.63 5.71 | 1.66 | 3.25 1353 4.35 
324 426.2 |672.2| 7.40 5.46 | 1.80 | 3.10 [516 4.03 
322 405.7 |679.4| 6.52 5.24 | 1.98 | 2.97 |472 3.70 
323 387.9 |685.3}; 5.96 5.04 | 2.18 | 2.87 |429 3.39 
324 }. 372.3 }691.0| 5.46 4.87 } 2.40 | 2.78 [2° - o 42 
325 358.8 }696.2| 5.01 4.72 | 2.62 | 2.71 1354 2.38 
326 346.8 | 701.1] 4.63 4.59 | 2.86 | 2.66 |324 2.68 


382 


P, 
kg/m 


Appendices 


4K 102, jax 108, eis gle 


Ka/ke art og | W/m-°C|} m2/s 
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713 .6 


"1 7417.2 
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724 0 
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743 5 
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797 2 
759 .3 
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763 .4 
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Pr 
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p, 
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131.7 
113.1 
99.9 
89.9 
82.0 


79.5 
70.0 
69.4 


906.6 
965.8 


1024 
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1318 


* pop = 73.9%108 Pa; 
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4, Cp 
kJ/K@ | kJ/kg-°C 
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Table 15 (concluded) 


Pr 


Tl.» = 304 K. At p= 100x105 Pa; T,, = 318K. 


Tatle 16 


1.01 105 Pa; poos=0.13; Pyyp= 0-14; 


Py, =0.76) [13] 


t, °C kes k ree. °c Wine ae oe ott Pr 
0 |4.295 1.042 2.28 16.9 15.8 12.20 | 0.72 
100 {0.950} 14.068 3.13 30.8 20.4 21.54 | 0.69 
200 |0.748} 1.097 4.04 48.9 24.5 32.80 | 0.67 
300 |} 0.617 4.122 4.84 69.9 28.2 45.81 | 0.65 
400 40.525] 1.451 9.70 94.3 31.7 60.38 | 0.64 
900 10.497[ 1.185 6.96 121.4 34.8 76.30 | 0.63 
600 10.4051 1.244 7.42 150.9 37.9 93.61 | 0.62 
700 }0.363) 4.239 | 8.27 | 183.8. | 40.7 | 142.4. | 0.64 
800 10.330] 1.264 } 9.15 | 2149.7 43.4 | 131. 8, | 0.60 
900 | 0.301 1.290 | 10.0 208 .0 49.9 152.5 0.59 
1000 | 0.275 1.306 | 10.90 303.4 48.4 174.3 0.98 
1100 | 0.257 1.323 | 41.75 3495.5 00.7 197.4 0.97 
1200 |0.240 1.340 | 12.62 092.4 03.0 221.0 0.96 
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Table 2] 
Emissivity of Various Materials [24} 
Material and kind of surface | t, C | & 
Metals 
Aluminium: . 
polished 225-575 0.039-0.057 
rough 26 0.055 
oxidised at 600 °C 200-600 0.11-0.19 
Tungsten 230-2230 0.053-0.34 
Tungsten filament 3300 0.39 
Iron: 
electrolytic, thoroughly polished 175-225 0.052-0.064 
welding (wrought) thoroughly pol- j 
ished 40-250 0.28 
polished 425-1020 0.14-0.377 
freshly emeried 20 0.242 
cast, not machined 925-1415 0.87-0.95 
Steel castings, polished 770-1040 0.52-0,56 
Steel: 
plate (sheet) ground 940-1100 Q.52-0.64 
oxidised at 600 °C 200-600 0.79 
oxidised, rough 40-370 0.94-0.97 
Cast iron 
polished 200 0.24 
turned on a lathe 830~990 0.60-0.70 
oxidized at 600 °C 200-600 0.64-0.78 
rough, heavily oxidised 40-250 — 0.96 
Gold, thoroughly polished 220-625 0.0418-0.035 
Brass: 


thoroughly polished, composition 
(by mass) 73.2% Cu, 26.7% Zn 245-355 0.028-0.034 


ET 
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Table 24 (continued) 


Material and kind of surface | t, °C _& 
rolled with natural surface 22 0.06 
dull surface 90-350 0.22 
oxidised while heated to 600 °C 200-600 0.64-0.59 

Copper: 
thoroughly polished, electrolytic 80 0.0148 
polished 145 0.023 
long-time heated, coated with 

a thick oxide layer 25 0.78 
oxidised while heated to 600 °C 200-600 0.57-0.55 

Platinum, clean, polished 225-625 0.054-0.105 
Platinum: 
strip 925-1445 0.12-0.17 
filament 25-1230 0.036-0.192 
Chromium 38-538 0.08-0.26 
Refractory, building, heat-insulating and other materials 
Asbestos cardboard 24 0.96 
Refractories: 
weakly emitting 500-1000 0.65-0.75 
strongly emitting 900-1000 0.80-0.90 
Dinas brick, rough: | . 
nonglazed 1000 0.8 
glazed 1100 0.85 
Fireclay brick, glazed 1100 0.75 
Red brick, rough 20 0.93 
Porcelain, glazed 22 0.92 
Plaster, lime, rough 40-90 0.94 


Lamp black, layer 0.075 mm thick 
and more 40-370 0.95 


Ressel Functions of the First Kind Zero 
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and First Orders Jo(x) and J, (x) 


Fg (x) 


1.0000 
0.9975 
0.9900 
0.9776 
0.9604 


0.9385 
0.9120 
0.8812 
0.8463 
0.8075 


0.7652 
0.7196 
0.6714 
0.6201 
0.5669 


0.5118 
0.4504 
0.33380 


0.3400 - 


0.2818 


0.2239 


J 4 (2x) 


0.0000 
0.0499 
0.0995 
0.1483 
0.1960 


x 


2.9 
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Table 22 


Jo (x) | J4:(x) 


—0 .0484 
—0.0968 
—).1424 
—0.1850 
—Q .2243 


—Q.2600 
—().2921 
—0.3202 
—0.3443 
—0.3643 


—Q.3801 
—).3918 
—0 .3992 
—0.4026 
—0 .4018 


—0.3974 
—0.3887 
—0.3766 
—0.3610 
—0.3423 


—G.3205 
—0 .2961 


0.4871 
0.4708 
0.4416 
0.4097 
0.3754 


0.3391 
0.3009 
0.2613 
0.2207 
0.1792 


0.1374 
0.0055 
0.0538 
0.0128 
—0.0272 


—0.0660 
—0.1033 
—0.1386 
—O.1719 
—0.2028 


—0.2344 
—(.2666 
—0.2794 
—0.2985 
—0.3147 
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Table 22 (contitued) 


0.2663 
0.2516 
0.2346 
0.2154 
0.1944 


0.1716 
0.1475 
Q 1222 
0.0960 
0.0692 


0.0419 
0.0146 
—(.0125 
—0 .0392 
—-().0652 


—Q.0903 
—Q.1142 
—( .1368 
—Q 1577 
—0.1768 


—0.1939 
—0 .2090 
—0.2218 
—0.2323 
—0.2403 


; Fo (x) | Ja (x) 


0.1352 
0.1592 


0.14843 


0.2014 
0.2492 


0.2346 
0.2476 
0.2580 
0.2657 
0.2708 


0.2731 
0.2728 
0.2697 
0.2644 
0.2559 


0.2453 
0.2324 
0.2474 
0.2004 
0.1816 


0.1613 
0.1395 
0.1116 
Q .0928 
0 .0684 


Jo (x) 


—0 2459 
—0.2490 
—0.2496 
—0.2477 
—0.2434 


—0 .2366 
—0.2276 
—0.2464 
—0.2032 
—0.1884 


—0.1712 
—Q .1528 
—(.1330 
—0 .1124 
—0.0902 


—0) .0677 
—0 .0446 
—0.0213 
0.0020 
0.0250 


0.0477 
0.0696 
0.0908 
0.4408 
0.41296 
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Jt (x) 


0.0435 
0.0184 
—0 .0066 
—0 .031" 
—0.0555 


—-0 .0788 
—0.1042 
—0.1224 


—0.1422 


—0. 1604 


—0.1768 
—0.1913 
—0.2038 
—0 .2143 
—0 .2224 


—0.2284 
—().2320 
—0.2333 
—0.2323 
—0.2290 


—0 2234 
—0.2158 
—0 .2060 
—0.1943 
—0.1807 


x 


12.5 


| 12.6 
| 42.7 


12.8 


| 12.9 


| 13.0 


13.1 


| 13.2 
| 13.3 
1 13.4 


| 43.5 
| 13.6 
| 43.7 
| 13.8 
| 13.9 


| 14.0 


14.4 


| 14.2 


14.3 


| 44.4 


14.5 


| 44.6 
| 14.7 
1 14.8 

14.9 
| 15.0 
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Table 22 (concluded) 


Jo (x) 


—"? — 
Pte. a 


0.1469 
' 0.1626 
0.1766 
0.1887 


0.1988 — 


0.2069 


0.2129 
0.2167 
0.2183 
0.24177 


0.2150 
0.2101 
0.2032 
0.1943 
0.1836 


0.17411 
0.15970 
0.1414 
0.1245 
0.1065 


0.0875 
0.0679 
0.0476 
0.0271 
0.0084 
—Q.0142 


Ji (x) 


—).1655 
—0. 1437 
—0. 1307 
—0.1114 
—0 .0912 


— 0.0703 
— .0488 
—0 .0274 
—0.0052 

0.0166 


0.0380 
0.0590 
0.0791 
0.0984 
0.41165 


0.1334 
0.1488 
0.1626 © 
0.1747 
0.1850 


0.1934 
0.4989 
0.2043 
0.2066 
0.2060 
0.2054 
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and First Orders Ip (x) and I, (2) 


Ip («) 


Is (x) 
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Table 23 


Modified Beasel Functions of the First Kind Zero 
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Table 24 


Modified Bessel Functions of the Second Kind 
Zero and First Orders Kp (x) and Ky, (x) 
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